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ABSTRACT 
 
Sewage sludge is an unavoidable consequence of wastewater treatment (WWT). Increasing 
legislation has propagated sludge production whilst limiting disposal options. WWT effluent 
contains many trace contaminants, one group of significant concern being endocrine 
disrupting chemicals (EDCs). Their removal is becoming a priority.  
 
Sludge is a potentially valuable material which offers opportunities for reuse and valorisation.  
This research has undertaken an in depth and rigorous study of the optimization of sludge 
carbonization and activation to produce inorganic-carbonaceous adsorbents akin to activated 
carbon.  The resulting sludge based adsorbents (SBAs) have been comprehensively evaluated 
for their adsorption of EDCs using bisphenol A (BPA). This data has enabled a fundamental 
analysis of SBA-EDC adsorption processes and the proposal of an adsorption mechanism. 
 
SBA production using various European sludge types was undertaken, to produce high 
performance SBAs based on surface area (SA) and EDC adsorption. Key research findings 
were: 
 
 SBAs can be produced from most types of municipal sludge, except lime added 
sludge.   
 Carbonized or carbonized/steam activated SBAs presented low SA (270_m2/g) and 
BPA adsorption capacity (87 mg/g) when compared to chemically activated SBAs.  
 K2CO3 was the best chemical reagent in producing high SA up to 1979 m2/g and BPA 
adsorption of 714 mg/g.  
 FeCl3 is a very attractive chemical reagent in giving high BPA adsorption and SBA 
yield of 119_mg/g and 59.3_%, respectively.  
 Bisphenol A adsorption fitted well with Langmuir, Freundlich and Temkin equations 
with the best fit depending on the production conditions (temperature, time, activating 
reagent).  
 BPA adsorption by SBAs generally depend on SA and pore volume, with surface 
chemistry also influencing adsorption, especially for chemically activated SBAs.  
 The SBAs produced from K2CO3 activation outperformed all commercial activated 
carbons (CACs); the best SBA outperformed the best CAC by nearly 2-fold indicating 
the significant potential of SBAs as effective adsorbents for WWT effluents.  
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ABBREVIATIONS 
 
ACF  Activated carbon fibre  
AC/ACs Activated carbon/activated carbons 
ANOVA Analysis of variance 
ASTM  American Society for Testing and Materials  
AW  Acid washed 
BET  Brunauer, Emmett and Teller method (for surface area calculation) 
BJH  Barrett-Joyner-Halenda method (for mesopore size distribution) 
BPA  Bisphenol A 
C  carbon  
CACs  Commercial activated carbons 
CHN  Carbon Hydrogen Nitrogen 
CHNS  Carbon Hydrogen Nitrogen Sulphur  
Char  Carbonized Sludge (slow pyrolysis sludge) 
CWAO Catalytic wet air oxidation 
DF  Degree of freedom 
DSC  Differential scanning Calorimetry 
DTA  Differential thermal analysis 
DTG  Derivative thermogravimetry 
EAC  Extruded activated carbon 
EDCs  Endocrine disrupting chemicals 
FTIR  Fourier Transform Infrared Spectroscopy 
GAC  Granular activated carbon  
HK  Horváth-Kawazoe method (for micropore size distribution) 
HNO3  Nitric acid  
H3PO4  Phosphoric acid 
ICP-AES Inductively Coupled Plasma-Atomic Emission Spectrometry 
IUPAC International Union of Pure and Applied Chemistry 
K2CO3  Potassium carbonate  
KOH  Potassium hydroxide 
Kow   octanol-water partitioning coefficient 
MS  Mean square 
MS  Mass spectrometry 
P  normalized percent deviation 
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PAC  Powder activated carbon  
PV/PVs Pore volume/Pore volumes 
R  Correlation coefficient 
R2  Coefficient of Determination 
RSM  Response Surface Methodology  
SA/SAs Surface Area/Surface Areas 
SAMS  Steam activated DMAD sludge 
SARS  Steam activated DRAW sludge 
SASAs Steam activated sludge based adsorbents 
SFGs  Surface functional groups  
Sludge  Sewage sludge 
SBAs Sludge based adsorbents (all solid product prepared from carbonization, 
physical and chemical activation) 
S sulphur 
SBPA surface area of ACs or SBAs determined by using BPA molecules 
SS  Sum of Squares 
TG  Thermogravimetry 
TG-MS Thermogravimetry-Mass spectrometry 
UV-VIS Ultraviolet-Visible spectroscopy 
WLF  Waste landfill  
WW  Water washed 
WWT  WasteWater Treatment 
WWTP WasteWater Treatment Plant 
WWTW WasteWater Treatment Work 
XRD  X-Ray Diffraction 
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UNITS OF MEASUREMENT 
 
°C  degrees centigrade 
K  Kelvin   
J  joules 
l  litre 
ml  milli litre (10-3 l) 
m  metre 
Å  Angstrom (10-10 m) 
pm  picometre (10-12 m) 
nm  nanometre (10-9 m) 
g  gram  
μg  microgram (10-6 g) 
mg  milligram (10-3 g) 
kg  kilogram (103 g) 
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1 LITERATURE REVIEW 
 
1.1 SEWAGE SLUDGE AND ITS MANGEMENT  
 
Water is used for many human activities apart from being a key need for life. Much of the 
wastewater produced by these activities is sent to wastewater treatment plants (WWTPs), as it 
can contain colloidal, suspended and floatable material, biodegradable organics, pathogenic 
organisms and undesirable chemical compounds. Therefore, it needs to be treated before 
being discharged into the receiving water and to prevent it from contaminating the 
environment, posing a risk to humans and wildlife.   
 
After the treatment process, the cleaned water is discharged to the environment and the 
majority of the remaining solid waste at the WWTP is classified as sewage sludge (sludge). 
Sludge is primarily composed of materials such as human biological waste, toilet paper and 
dead microbes, and may contain a high level of pathogens, parasites and undesirable 
chemicals. This means that the sludge must be treated and managed in an effective manner. 
Sludge is an unavoidable waste, with over 1.4 million dry tonnes of treated sludge being 
produced each year in the UK. Annual EU sludge production exceeds 10 million dry tonnes 
per year and is predicted to rise to 13 million in 2020. Therefore, sludge management, 
including its handling, reuse and disposal, is a particularly concerning issue [1-4].  
 
1.1.1 Wastewater treatment plants and the origin of sewage sludge 
 
Wastewater processes, as well as the design of each WWTP are complex and differ depending 
on the wastewater contaminants they are designed to handle.  Nevertheless, the wastewater 
treatment (WWT) process can be divided into five major steps. These comprise preliminary, 
primary, secondary, tertiary (advanced WWT) and disinfection steps. Figure 1-1 illustrates an 
overview of the WWTP and these treatment steps in detail [5, 6]. 
 
The solids removed during the primary treatment are called “primary solids or primary 
sludge” [5, 6]. Sludge that is removed from the clarifier in the secondary treatment is called 
“waste activated sludge” or “secondary sludge”, with some of it being recycled back to the 
aeration tank and the excess removed for further sludge treatment. Powder activated carbon 
(PAC) can also be added to the effluent from the primary treatment prior to the aeration tank,  
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Figure 1-1 Diagram of WWTP; adapted from Water Environmental Federation [5]
Clean water is 
returned to the 
ocean, lake, river 
or stream 
Clean water 
is used for a 
variety of 
purpose such 
as irrigation 
Sludge removed during 
the treatment process 
can be further treated 
and safely used for the 
others applications such 
as fertilizer 
Primary sludge 
Secondary sludge 
Treated sludge 
Powder AC 
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where the PAC can help with removing the dissolved constituted in the WWT stream [5, 6]. 
There are several processes that can be used for further treatment of the water such as 
filtration through AC and membranes [5-8]. 
 After all these WWT steps, the residual solids remaining at the plant, including primary 
sludge and secondary sludge are sent for further treatment, (which will be discussed in section 
1.1.2) before they can be reused in agriculture, incinerated or otherwise disposed of in landfill 
[5]. The preliminary residual solids are usually disposed to landfill.  
 
1.1.2 Sewage sludge 
 
The term sludge includes primary sludge from the primary treatment and secondary sludge or 
biological sludge from secondary treatment. These sludge are combined and called primary 
untreated sludge or undigested sludge. The sludge accumulated in a WWT process must be 
treated and disposed of in  a safe and effective manner [6]. Generally, the composition of 
sludge depends on variation in the sources of solids and the WWT method used at each plant.  
Nevertheless, a typical set of values for the chemical composition and properties of untreated 
and digested sludge is summarized in Table 1-1 and the typical metal content is summarised 
in Table 1-2. 
 
Table 1-1 Typical composition and properties of sludge [6] 
 
 
Item/sludge Untreated primary Digested primary Untreated 
activated 
sludge range 
  Range Typical Range Typical 
Total dry solids (TS), % 5-9 6 2-5 4 0.8-1.2 
Volatile solids (% of TS) 60-80 65 30-60 40 59-88 
Grease and Fats (% of TS):         
  ● Ether Soluble 6-30 - 5-20 18 - 
  ● Ether Extract 7-35 - - - 5-12 
Protein (% of TS) 20-30 25 15-20 18 32-41 
Nitrogen (N, % of TS) 1.5-4 2.5 1.6-3.0 3 2.4-5.0 
Phosphorous (P2O5, % of TS) 0.8-2.8 1.6 1.5-4.0 2.5 2.8-11 
Potash (K2O, % of TS) 0-1 0.4 0-3.0 1 0.5-0.7 
Cellulose (% of TS) 8-15 10 8-15 10 - 
Iron (not as sulphide) 2.0-4.0 2.5 3.0-8.0 4.0 - 
Silica (SiO2, % of TS) 15-20 - 10-20 - - 
pH 5.0-8.0 6.0 6.5-7.5 7.0 6.5-8.0 
Alkalinity (mg/L as CaCO3) 500-1500 600 2500-3500 3000 580-1100 
Organic acids (mg/L as HAc) 200-2000 500 100-600 200 1100-1700 
Energy content, kJ/kg TSS 23,000-29,000 25,000 9000-14,000 12,000 19,000-23,000 
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Table 1-2 Indicative metal content in wastewater solids [6] 
 
 
The most common sludge treatment options include anaerobic digestion, aerobic digestion, 
composting, sludge pasteurization and lime stabilization [1, 6]. Among these sludge treatment 
methods, anaerobic digestion is the most popular method in the UK and EU, which in the UK 
accounts for 66% (2010) of treated waste. Within the EU countries, anaerobic digestion and 
aerobic digestion are applied in 24 (89_%) and 20 (74_%) out of 27 countries, respectively 
[9]. The advantage of the anaerobic digestion process over other methods is that it is the most 
cost-effective, due to the high energy recovery linked to the process and its limited 
environmental impact [10]. Biogas is very useful for generating electricity. Thus, this helps 
the anaerobic digestion process to be compliant with the Renewable Energy Directive 
(2009/28/EC) [11]. 
 
1.1.3 Current and alternative technologies for sludge management 
 
Typically in the EU, sludge produced during municipal effluent treatment has been used in 
agriculture, disposed of by incineration or in landfill, respectively [1, 9, 12]. The utilisation of 
sludge for agriculture is the main management method, accounting for > 70% of sludge 
produced within the UK. Nevertheless, there has been increasing cost and problems with 
application of these processes. For agricultural options, the utilisation of sludge as a fertilizer 
has been subject to more stringent legislation in recent years, particularly the Urban Waste 
Water Directive 91/271/EEC and the Sludge Directive 86/278/EEC from the Commission of 
the European Communities (now the European Commission) in 1991 and 1986, respectively. 
These directives were implemented due to fears over the possible accumulation of undesirable 
substances such as heavy metals, pathogens and organic pollutants which may potentially pass 
Metal Dry solids, mg/kg 
  Range Median 
Arsenic 1.1-230 10 
Cadmium 1-3,410 10 
Chromium 10-99,000 500 
Cobalt  11.3-2490 30 
Copper 84-17,000 800 
Iron 1000-154,000 17,000 
Lead 13-26,000 500 
Manganese 32-9870 260 
Mercury 0.6-56 6 
Molybdenum 0.1-214 4 
Nickel 2-5,300 80 
Selenium 1.7-17.2 5 
Tin 2.6-329 14 
Zinc 101-49,000 1700 
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along the food chain although subsequent research has allayed these fears [13]. Landfill has 
generally been eliminated due to the European Landfill Directive 1999/31/EC [14] causing 
increasing disposal costs. Incinerators help to reduce a large volume of sludge to a much 
smaller amount of residue. However, the treatment of flue gases released during this process, 
such as NOx, N2O and CO, dioxins, furans and heavy metals, is expensive and costs are rising 
alongside growing quantities of potentially hazardous ash being produced [1, 2]. 
Nevertheless, some of the EU countries still rely mainly on landfill and incineration 
(Switzerland and The Netherlands) [13]. 
 
Interesting alternative thermo-chemical technologies include wet oxidation, supercritical 
water oxidation, hydro-thermal treatment, pyrolysis and gasification and combined processes 
[1, 15]. A comparative study of sludge incineration, gasification and pyrolysis for sustainable 
sludge-to-energy management via a SWOT analysis indicated that pyrolysis, gasification and 
incineration are the optimal thermochemical treatments, respectively [4]. Thus, pyrolysis and 
partial gasification are receiving more interest from research groups with a view towards 
producing AC. AC is a high value material which can help in the removal of many hazardous 
substances both in the aqueous phase and the gas phase; this will be discussed in section 1.2.  
 
Using sludge as a precursor material for AC production has several benefits. Firstly, it is good 
in terms of waste minimization. Secondly, it is a cost-free feedstock material as it is a waste. 
Moreover, it allows for in-house production, as WWTPs also need to use AC to remove gases 
released from WWTP and other undesirable chemicals in wastewater such as hydrogen 
sulphide, dyes, and recently, EDCs, which have been detected at increasing concentrations. 
Thus, if it is feasible to produce the SBAs on site, it promises to be a highly cost effective 
process. Also, the oil and gas derived from the production process may also be used for 
energy production. Another advantage of the pyrolysis process is as an effective method for 
carbon storage, which is of increasing relevance due to recent concerns about global warming. 
This is because the process tends to eliminate non-carbon elements whilst converting carbon 
into a solid non-degradable matrix. Thus, SBAs should be stable, non- degradable and result 
in reduced CO2 emissions.  
 
1.2 CARBONACEOUS ADSORBENTS  
 
There are many types of adsorbent including plant wastes, AC, layered double hydroxides, 
bio polymers, clays, siliceous materials (silica and zeolite), industrial wastes and micro-
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organisms [16]. This research has focused on producing and evaluating AC by the 
carbonization and activation processes, which can be used for sludge treatment, eliminate 
non-carbon elements, with the solid remaining after these processes being referred to as AC. 
 
1.2.1 Definition and Structure of Activated carbon 
 
AC is a carbonaceous material with a high degree of porosity and interparticulate surface area 
(SA) [17, 18]. The structure of AC comprises assemblies of defective graphene layers [19]. 
Graphene is a monolayer of carbon atoms, which can be packed into a two-dimensional 
honeycomb lattice, wrapped up into zero-dimension fullerenes, rolled into one-dimensional 
nanotubes or stacked into three-dimensional graphite [19, 20]. The structure of graphene and 
AC are shown in Figures 1-2 and 1-3, respectively.  
 
 
 
 
 
Figure 1-2 2D (a) Graphene, (b) 0D buckyballs, (c) 1D nanotubes and (d) 3D graphite  [20]. 
(a) 
(b) (c) (d) 
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Figure 1-3 Idealized image of AC [17]  
 
AC can be produced from almost any organic substance with a high carbon content by using 
different types of physical and chemical activation; and degrees of activation such as time, 
temperature and chemical impregnation ratio [21]. These processes create different types of 
AC in terms of their physical (SA, pore structure and hardness) and chemical (SFGs on 
carbon surface and pH) properties, with all of these parameters directly affecting the 
adsorption behaviour of each AC. AC can be used to adsorb undesirable chemicals or gases as 
well as organic and inorganic substances in various environmental treatment and chemical 
industrial applications. 
 
1.2.2 Related mechanisms of Activated carbon adsorption 
 
1.2.2.1 Adsorption and type of adsorption  
 
Adsorption can be defined as the process by which an excess of molecules adhere to the 
surface of a solid. The adsorption of the gas or liquid on the surface of the solids partially help 
to restore charge balances. In the adsorption process, the solid surface is called the Adsorbent. 
The adsorbed gas or liquid molecules or atoms are called the Adsorbate, and the remaining 
atoms or molecules that are ready to be adsorbed in the system are called the Adsorptive [18]. 
Porosity and SFGs are generally the two keys to determine the high adsorption efficiency of 
ACs and other adsorbents. Solution pH, ionic strength, oxic and anoxic conditions, measure of 
natural organic matter and octanol-water partitioning coefficient (Kow) are also factors 
affecting adsorption [16]. 
 
Fundamentally, there are two kinds of adsorption; physical adsorption (physisorption) and 
chemical adsorption (chemisorption). Physisorption involves weak intermolecular forces (Van 
der Waals forces). Chemisorption involves valence forces of the same kind that form 
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chemical compounds, with these forces acting between the adsorbate molecule and the surface 
of an adsorbent [22, 23]. The general features of physisorption and chemisorption are 
summarized in Table 1-3.  
 
Table 1-3 General features of physisorption and chemisorption [23] 
 
 
1.2.2.2 Porosity in AC 
 
Pore models of solids can be classified into two main groups, as shown in Figure 1-4, which 
are closed pore (a) and open pores (b-h). The open pores consist of several types; through 
pores (b) are open at both ends and blind pores (c) are closed at one end. (b) is an independent 
pore, (c) is not connected with other pores and crossing pores and (d) is connected with other 
pores.  Moreover, from the pore shape point of view, pores can be classified as cylindrical 
pores (e), conical pores (f), ink-bottle pores (g) and slit pores (h) [24, 25]. The consideration 
of the origin of pores is valuable for understanding the classification of pore size and the 
isotherm model theories that can be developed to fit adsorption data. 
 
 
Figure 1-4 Pore models in a solid [24] 
 
The IUPAC classifies the pores in adsorbents into three groups based on their width. The 
width is the distance between the walls of a slit-shape pore or the radius of a cylindrical pore. 
Three groups of pores consist of; micropores, mesopores (transitional pores) and macropores. 
Physisorption Chemisorption  
● Low heat of adsorption (< 2 or 3 times 
latent heat of evaporation) 
● High heat of adsorption (> 2 or 3 times 
latent heat of evaporation) 
● Non specific ● Highly specific 
● Monolayer or Multilayer ● Monolayer  
● No dissociation of adsorbed species ● May involve dissociation 
● Rapid, non-activated & reversible ● May be slow, activated & irreversible 
● No electron transfer although 
polarization of adsorbate may occur 
● Electron transfer leading to bond formation 
between adsorbate and surface 
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Each of these pore structures plays a specific role in adsorption processes. The width and the 
adsorption phenomena of each pore type are as follows [18, 22, 26, 27] ; 
 
Micropores 
 
 Pores with width less than 2 nm (ultramicropores have a width less than 0.7_nm and 
supermicropores have a width from 0.7_nm to 2_nm); 
 Pores become volume filled at low relative pressures; 
 No capillary condensation takes place because of limiting pore structure size; 
 Responsible for most of the strong adsorption capacity of ACs 
 
Mesopores or Transitional pores 
 
 Pores with a width between 2 to 50 nm; 
 Act as a channel, leading adsorbate molecules to micropores and also provide an 
adsorption surface for large adsorbate molecule such as dyes;  
 PV become filled at a higher relative pressure (usually P/P0 ≥ 0.42); 
 The adsorption isotherm presents adsorption and desorption hysteresis loop, which 
usually start and stop at relative pressure of 0.4 (see section 1.3.1.1 for discussion on 
the hysteresis loop); 
 Adsorbate is thought to condense in a liquid-like state by capillary condensation and a 
meniscus is formed and produces a hysteresis loop in the isotherm.  
 
Macropores 
 
 Pore widths exceeding 50 nm; 
 Can be filled by condensation but a longer time and higher volume is required; 
 Act as channels for leading adsorbate molecules to mesopores and micropores; 
 Account for a very low SA compared to micropores and mesopores but affect the rate 
of access of the adsorptive by the carbon. 
 
1.2.2.3 Surface functional groups on activated carbon 
 
The SFGs present on the AC surfaces are one of the factors influencing the adsorptive 
capacity. The surface of AC is normally hydrophobic in nature, which is suitable to adsorb 
non-polar adsorbate molecules. However, the SFGs (mainly surface oxide groups), which are 
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usually created at the edges of polycyclic-rings of defective graphene sheets, can cause the 
surface to be more hydrophilic and polar in character. This helps improve the adsorption 
capabilities of polar gases and vapours [18]. Heteroatoms, such as oxygen, sulphur, nitrogen 
and other residual atoms of precursor material, help to form active acidic and/or basic SFGs. 
From this, the oxygen containing SFGs present on the carbon surface can be divided into two 
groups. The active acidic groups includes carbonyl, phenolic, quinonoid, normal lactone, 
fluorescein-type lactone, anhydride originating from neighbouring carboxyl groups and cyclic 
peroxide. The active basic groups include chromene and pyrone-like. Note that most research 
is focused on the active acidic surface groups due to the fact that they are easily detected and 
identified [17, 28-30]. Figure 1-5 presents some possible SFGs that may occur on AC 
surfaces.  
 
Variation in the SFGs on a carbon surface can be due to many factors. Firstly, the nature of 
the precursors used for AC production. Carbon produced from the oxygen rich raw material 
such as wood, saccharose and phenol-formaldehyde resins can be left with a higher oxygen 
content following incomplete carbonization. Secondly, surface modification by chemicals; 
these include raw material impregnated with strong oxidising agents such as KOH and/or 
surface modification of the AC product with HNO3. Furthermore, it arises from the adding of 
oxidising agents during the activation process, such as steam, carbon dioxide or air. Finally, 
the temperature of AC production is another major factor that influences the SFGs found on 
carbon surfaces [28]. 
 
 
Figure 1-5 SFGs on AC; Acidic surface groups: (1)carboxyl, (2)phenolic, (3)quinonoid, 
(4)normal lactone, (5)fluorescein-type lactone, (6)anhydride originating from neighbouring 
carboxyl groups, (7)cyclic peroxide; Basic surface groups: (8)pyrone-like (9)chromene [28, 
29] 
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1.2.3 Activated carbon production 
 
Producing AC normally involves two reactive stages, which are carbonization and activation. 
The process of carbonization and activation can be conducted via a one step process or a two-
step processes depending on the preference of the manufacturer and the availability of 
equipment. Flow charts for physical and chemical activation methods by single and two step 
processes are shown in Figure 1-6. In these diagrams, the black boxes are common steps for 
both production processes, while the grey boxes (which are washing and surface 
modification) may occasionally occur in experiments for purposes such as removal of some 
inorganic material at the beginning of the process, or perhaps ash removal, and these also 
modify the SFGs of the AC produced in the final steps. The crucial steps in the production 
process such as carbonization and activation are described in more detail in sections 1.2.3.1 to 
1.2.3.2.  
 
1.2.3.1 Carbonization  
 
Carbonization is defined as the thermal conversion of organic materials into the consolidated 
form of carbon, whilst eliminating non-carbon elements under an inert atmosphere. It is an 
aromatic growth and polymerization process, producing a fixed carbon mass and elementary 
pore structure of solid char, which is ready for activation [17].  Carbonization can be divided 
into 3 main steps; 1) aliphatic molecules cracking, 2) hydrocarbon chain aromatization and 3) 
large polycyclic aromatic hydrocarbon system formation by aromatic condensation. These 
steps lead to the production of pure carbon materials with various degrees of ordering, by the 
gradual loss of hydrogen and other chemical elements. Rotary kilns and multiple hearth 
furnaces are the most common reactors used for carbonization. The carbonization process can 
take place at up to ≈1000oC but the temperature range of 400-600oC is usually enough to 
complete process [17, 31, 32].  
 
In general, the vital parameters that determine the quality and the yield of the carbonized 
product are the heating rate, the final temperature, the isothermal time at the final temperature 
and the nature and physical state of the raw material. The characteristics of an AC, which 
include mechanical strength, porosity, SA and adsorption characteristics, are largely 
predetermined by the structural characteristics of its carbonized precursor [17, 33, 34]. 
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Figure 1-6 AC production by physical activation (left) and chemical activation (right) by single (A) and two (B) step processes
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Lower heating rates can give a higher char yield and lower volatilisation because it helps to 
increase dehydration and improves stabilisation of the polymeric components. A lower 
heating rate can also produce a harder and denser char but may also promote shrinkage, which 
reduces PV. Therefore, it is advantageous to use a slow carbonization step and activate the 
chars spontaneously to enlarge the pores before shrinkage occurs [17]. 
 
1.2.3.2 Activation 
 
The objective of the activation process is to increase the volume diameters of the pores by 
removing disorganised carbon which was created during carbonization. The process also 
helps to create new porosity and thus increases SA and available space for adsorption.  The 
structure of the pores and their size distribution are also determined by the nature of the raw 
material and the conditions applied for its carbonization [17, 18]. 
  
1.2.3.2.1 Physical activation (Partial gasification) 
 
Physical activation is the most widely used process in the commercial production of AC 
because it is more economically viable than chemical activation, and less complex. The 
process normally involves the carbonized raw material being activated in the presence of 
oxidizing agents, usually CO2, steam or air, at high temperature (typically between 800 and 
1100oC). The oxidizing agents helps to open new pores and to develop the porosity which 
already exists in the carbonized product [17].  
 
 
Figure 1-7 (a) A Norit model indicating a structure in AC made up of layers of carbon atoms 
(defective graphene layers) stacked so as to create porosity between them. (b) The process of 
activation removes totally, or parts of, these layers [19] 
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The extent of the activation reaction is indicated by either the weight loss of the carbonized 
material or the rate of burn-off. In the initial stage of activation, oxidising agents react 
predominantly with deposits of amorphous carbon (defective graphene layers), which lead to 
the opening of very narrow pores [17]. Further activation results in burn out of the existing 
pore walls, thus causing an enlargement of the pores and an increase in the total PV of the 
carbon. Excessive burn-off can cause pore destruction due to micropores and mesopores 
widening too much and thus creating a macropore structure. Figures 1-7 present the model of 
pore structure before and after activation. 
 
Some possible reactions that can occur during the gasification process are shown in Reaction 
1-1 to 1-12 [17, 35-38]. The dominant reactions depend on the oxidising reagents. For air, 
CO2 and steam, the reactions that are predominant are oxidation, Boudouard and water gas 
shift reaction, respectively. In general, steam and CO2 are a preferable activating agent rather 
than air; this is because Boudouard and water gas reactions are endothermic reactions unlike 
oxidation, which is exothermic. Thus, this makes it easier to control the endothermic reaction 
by simply controlling the process temperature [17, 21, 33].  
 
Oxidation: 
22 COOC                                                   Reaction 1-1 
                                      COOC  2
2
1
                                                       Reaction 1-2 
                                           
224 2
2
1
HCOOCH                                            Reaction 1-3                                             
OHOH 222
2
1
                                                     Reaction 1-4 
22
2
1
COOCO                                              Reaction 1-5 
 
Boudouard: 
COCOC 22                                              Reaction 1-6 
 
Water gas: 
Primary: 22 HCOOHC                                        Reaction 1-7 
 
Secondary: 222 22 HCOOHC                                  Reaction 1-8 
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Methanation: 
422 CHHC                                                        Reaction 1-9 
 
Water-gas shift: 
222 HCOOHCO                                          Reaction 1-10 
 
Steam reforming: 
224 3HCOOHCH                                          Reaction 1-11 
 
Carbon dioxide reforming: 
224 22 HCOCOCH                                         Reaction 1-12 
 
1.2.3.2.2 Chemical activation 
 
Chemical activation involves the organic precursor material being initially impregnated with a 
chemical activation agent, which influences the pyrolytic decomposition and serves to inhibit 
the formation of tarry residues and helps to prevent pore blockage. Carbonization and 
activation are normally carried out in con-current stages under inert conditions [17].  The 
characteristics of the final product depend on the degree of impregnation, the temperature of 
impregnation, the drying temperature of the impregnated samples, composition of the 
combustion gas used for heating, maximum temperature of the production process and also 
the duration at that maximum temperature.  
 
ZnCl2, H3PO4, KOH, H2SO4, NaOH, CaCl2, MgCl2, Na2CO3 and K2CO3 are examples of 
chemical activating agents that have been used for AC manufacture from diverse feedstock. 
The mechanisms of chemical activation are different and far more complex than physical 
activation and dependent on the raw material and the chemicals used. The three most common 
activation agents used in commercial activated carbon (CAC) manufacturing are ZnCl2, 
H3PO4 and KOH [17, 19]. The modes of their action are as follow: ZnCl2 promote the 
extraction of water molecules from the lignocellulosic structure of raw material; H3PO4 
combines chemically with the lignocellulosic structures and KOH activities involve the 
disintegration and intercalation of structure and also some gasification by oxygen of the 
hydroxide [19]. 
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Chemical activation can be preferable to physical activation because it usually requires a 
lower activation temperature compared to the physical activation, provides a good pore 
development with a higher carbon yield [16, 39] and is simple to perform [16]. On the other 
hand, the commercial drawback is that the chemical activation is more expensive due to the 
washing steps needed to remove and recover the remaining activating chemical after reaction.  
Also, special materials are needed to build the reactor for the production process for each 
chemical used. For example, KOH is a very strong oxidising agent and a reactor produced 
from stainless steel or quartz is not suitable due to reactor attack by this corrosive chemical. 
From this perspective, it make physical activation also an attractive production method due to 
the relatively clean activation reaction and the lower plant maintenance cost compared to the 
chemical activation methods.  
 
1.2.3.3 Type of AC and applications 
 
AC can be produced in many forms to fit various applications. The most common forms of 
AC are powder AC (PAC), granular AC (GAC), extruded AC (EAC) and AC fibre (ACF). 
The different form of AC such as PAC and GAC can be obtained by crushing and grinding at 
the beginning or final step of the production processes. EAC is made by using binders, such 
as polymite, extraphen, araldite, lignosulfonic acid and ammonium lignosulfonate, to 
agglomerated the PAC or GAC into the cylindrical shape of EAC. ACF is produced using the 
similar step as producing PAC and GAC but the raw material is normally derived from 
fibrous material such as textile fibres and coconut fibres [40, 41] 
 
1.2.4 Sludge based adsorbents production and its application 
 
The production of SBAs with different sludge types has been reported in previous research, 
using different carbonization and physical activation methods such as steam, carbon dioxide, 
air and chemical activation, with agents such as ZnCl2, H2SO4, KOH, NaOH, H3PO4, K2S, 
H3PO4, FeNO3 [2, 42], K2CO3 [3, 43], FeCl3·6H2O [44],  FeSO4·7H2O [45] and Fenton’s 
reagent (H2O2/FeCl3) [46]. Past research had mainly been aimed at producing SBAs for 
general water and WWT applications. The target adsorbates from the aqueous phase included 
dyes (including acid red 1, acid red 18, acid yellow 49, alkaline black, brilliant red, basic 
fuchsin, basic red 46, basic violet 4, crystal violet, direct red 79, erythosine, indigo carmine, 
methylene blue, saphranine, basic fuchsin, CCl4 and reactive red 198), metal cations 
(including Hg (II), Cu2+, Na+, Cr, K+ and Ca2+), and phenol. “The production of SBA and 
  43 
their application in water treatment” and “Preparation and characterization of ACs derived 
from bio-solids” have been covered in the review by Smith et al. [2] and Ahmad et al. [42], 
respectively, which the reader is referred to for more information.  
 
1.3 CHARACTERIZING ADSORBENTS 
 
1.3.1 The adsorption isotherm  
 
An adsorption isotherm is used to represent the equilibrium states of an adsorption system for 
a given adsorbent and adsorbate depending upon the adsorption of gas or solute components 
at a fixed temperature of adsorption. The reason for using the adsorption isotherm instead of 
adsorption isobar is because it is the most convenient and practical method to determine 
adsorption at a constant temperature. Therefore, it is the most extensively used method for 
representing the equilibrium states of an adsorption system. The adsorption isotherm gives 
valuable information regarding the adsorbate and adsorbent interaction and the adsorption 
process. It helps to determine the SA, PV and pore size distribution of the adsorbents [18].  
 
The adsorption data can be represented by many isotherm model equations from Freundlich, 
Langmuir, Brunauer Emmett Teller (BET), Sips, Toth, Dubinin-Radushkevich¸ Dubinin-
Astakhov, Myers-Ou, VSM and others [47-49]. Among these, the most commonly used 
adsorption isotherms are Freundlich, Langmuir and BET. Both Langmuir and Freundlich 
isotherm equations can be applied equally to physisorption as well as to chemisorption and 
both gas and liquid phases. However, in practical terms, they are mainly used on liquid phases 
of the adsorption isotherm [18]. The BET is the most important equation for the analysis of 
physisorption of gas onto porous materials. This will be discussed more in section 1.3.3.1. 
 
1.3.1.1 Adsorption isotherm of gas 
 
The quantity of gas adsorbed may be measured in any convenient units such as moles, grams 
and cubic centimetres, at standard temperature and pressure. Facilitating the comparison of 
the adsorption data, the amount adsorbed was plotted against the equilibrium relative pressure 
(P/P0), where P0 is the saturation pressure of the adsorptive at the temperature of the 
measurement and P is the pressure of the pure adsorptive vapour. The volume adsorbed can 
also be plotted against P, when the temperature is above the critical temperature of the 
adsorptive [26, 50, 51]. Adsorption data, for gas-solid systems, has been classified by the 
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IUPAC, into six types, as shown in Figure 1-8 [26] and each type of isotherm can be related 
to a pore model structure of a solid, as discussed in section 1.2.2.2. 
 
 
Figure 1-8 The IUPAC classification of physisorption isotherms [26] 
 
 
Figure 1-9 Types of hysteresis loops [26] 
 
The hysteresis loop can be classified into four types as shown in Figure 1-9. Hysteresis of 
types H1 and H2 can occur from ink-bottle-shaped pores (see Figure 1-4 in section 1.2.2.2) or 
from a difference in adsorption-desorption behaviour in near cylindrical through pores. Type 
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H3 and H4 hysteresis can occur from slit-shaped pores, which are plate or edge particles, like 
cubes. The difference between these two types of hysteresis loops is that Type H1 and H4 is 
uniform in size and shape, while Type H2 and H3 is non-uniform. There is no hysteresis form 
in the cases of blind cylindrical, cone and wedge shaped pores [25, 26].  
 
The Kelvin equation is very often used to explain the capillary condensation that produces 
hysteresis loops, which has been useful for developing the adsorption isotherm theory, such as 
the Barrett-Joyner-Halenda method (see section 1.3.3.3). The equation is based on the 
assumption that there is a flat surface and it is derived from the Young-Laplace equation, 
Equation 1-1, which relates the differential pressure across a vapour/liquid meniscus within a 
pore to a function of its curvature radii. As the pressure increases and the adsorbate layers are 
built up on the pore walls, r1 and r2 become equal. Capillary condensation occurs at this point. 
At the pressure called the critical pressure, the pore becomes completely filled with 
condensate. Therefore, the equation can be written as Equation 1-2 [52]. 
 







21
11
rr
P                                                Equation 1-1 
 
kr
P
2
                                                             Equation 1-2 
 
where; 
 
γ is surface tension of liquid adsorbate 
ΔP is different pressure of liquid and vapour across meniscus 
r1 and r2 are radii curvatures 
rk is mean radius of meniscus curvature, which is known as Kelvin radius. 
 
Assuming a constant temperature is used, which is lower than the critical value, the vapour 
side of the meniscus behaves like an ideal gas; the Kelvin equation is used to determine the 
radius of the hemispherical meniscus and can be written as shown in Equation 1-3.  
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where; 
 
rk is the Kelvin radius  
γ is the surface tension of the liquid condensate 
R is the ideal gas constant  
T is the absolute temperature (K) 
θ is the contact angle (for N2 = 0) 
VL is the molar volume (liquid molar volume of N2 = 0.00156). 
 
For the determination of the pore size, pore radius can be calculated by assuming that it is 
directly related to the Kelvin radius by the addition of the thickness (t) layer that is already 
adsorbed on the pore walls when the capillary condensation occurs. The pore radius can be 
calculated as shown in Equation 1-4. 
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                               Equation 1-4 
 
 
1.3.1.2 Adsorption isotherm of liquid and solid systems 
 
Unlike the gas/solid system, the liquid/solid system may involve both the physical and 
chemical interaction of adsorbate-adsorbent. Several types of bonds can occur, which include 
chemisorption, hydrogen bonding, hydrophobic bonding and van der Waals forces. The 
interaction of the adsorbate-adsorbent molecules can involve more than one type of 
interaction depending on the chemical structure of both the adsorbent and adsorbate. In order 
to investigate the adsorption mechanisms, the most common approach is to study the isotherm 
[53]. The isotherm of a liquid/solid system can be plotted by using the amount of solute 
adsorbed per unit weight of adsorbent against equilibrium concentration of solute remaining 
in the system. The amount of constituent-adsorbed solute can be calculated using the Equation 
1-5 [54]. 
 
 
M
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M
X e 0                                          Equation 1-5 
where; 
 
X is amount of constituent adsorbed (mg) 
  47 
C0 is constituent concentration before carbon treatment (mg/l) 
Ce is constituent concentration after carbon treatment (mg/l) 
V is volume of sample (litre) 
M is weight of carbon (gram) 
X/M is constituent adsorbed per unit weight of carbon (mg/g). 
 
The significant aspects of the adsorption isotherm include the adsorption rate, isotherm shape, 
the importance of the plateau found in the isotherms, the extent of solvent adsorption (whether 
it is monomolecular or there are several layers of adsorption), the adsorbate molecules 
orientation, the temperature effect and the nature of the interaction between adsorbate and 
adsorbent [53]. From these vital aspects, the isotherms were classified by Giles et al. [55] into 
four main classes of isotherm shapes based on the initial part of the isotherm, as shown in 
Figure 1-10. The subgroups relate to the shape of parts of the curves’ distance from the 
origins, which are nearest or the farthest group, from 1 to max, respectively; the key aspects 
of the plateaux and the changes of the slope are described as followed [53, 55, 56]; 
 
 
Figure 1-10 Classification of liquid/solid isotherm shapes [55] 
 
Type S isotherms indicate the vertical orientation of adsorbed molecules at the surface. Type 
L isotherms or “Langmuir”: The L2 curve usually occurs in most types of adsorption from 
dilute solution. Type H isotherms or “High affinity”: This is the special case of the L curves; 
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the isotherm shows very steep curves at the initial stage in which the solute has a high affinity 
and the solute is completely adsorbed from the dilute solutions, or the measurable solute 
cannot be detected in the remaining solution. An example of this isotherm type is the large 
organic unit of adsorbed species or sometimes the single ions, which are exchanged with 
others of much lower affinity to the surface. Type C isotherm or “Constant partition”: This 
curve is given by solutes that penetrate into the solid more readily than associated with the 
solvent. When the adsorption reaches the maximum capacity, the curve suddenly changes to 
become a horizontal plateau.  
 
Note that the 2c subgroup indicates micropore in the adsorbent. In the C-class, the 2C curve 
may be horizontal or a less steep (ci) or a steeper (cii) slope than the main portion, according 
to the nature of the system [55]. 
 
1.3.2 Mathematics for liquid phase characterization 
 
In this research, the adsorption isotherm data were calculated and fitted to the three best 
known isotherm equations, which are Freundlich, Langmuir and Temkin. The key difference 
between these three models is the variation of heat of adsorption with the surface coverage. 
The Freundlich model assume logarithmic decrease, the Langmuir model assumes uniformity 
and the Temkin model assumes a linear decrease [57].  
 
1.3.2.1 Freundlich model calculation 
 
In 1907, H.M.F. Freundlich derived an equation based on empirical considerations. This 
equation was based on a heterogeneous surface, multi-layer adsorption and non-linear energy 
distribution for the adsorption sites [30, 58, 59]. For adsorption from solution phase, the 
Freundlich equation as expressed in Equation 1-6 [18], is an exponential equation, which 
assumes that as the adsorbate solution concentration increases, the concentration of adsorbate 
on the adsorbent surface increases. Thus, by using this equation, an infinite amount of 
adsorption can occur [60].  
 
         𝒒𝒆 = 𝒌𝑪𝒆
𝟏/𝒏
                                                Equation 1-6 
 
where; 
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qe = X/M is the amount of adsorbate adsorbed from solution per unit mass of adsorbent (mg/g 
or mmol/g) 
Ce is the residual concentration of adsorbate at the equilibrium (mg/l or mmol/l) 
k is the adsorption capacity constant for multi-layer coverage ((mg/g)(l/mg)1/n) 
n is the intensity of adsorption constant/Freundlich adsorption constant that represents the 
parameter characterizing quasi-Gaussian energetic heterogeneity of the adsorption surface 
 
The linear form of the Freundlich equation can be obtained by taking logs as shown in 
Equation 1-7. 
ee C
n
kq log
1
loglog                                  Equation 1-7 
 
The benefit of the Freundlich model is that it uses simple expressions. However, it still has a 
drawback because it does not show a limiting value at high concentration, unlike the 
Langmuir equation [30, 61]. For the Freundlich equation, if the value of Ce is increasing, the 
qe value also increases without limit. Therefore, the Freundlich model is only suitable to fit 
data in the range of low to medium concentration.   
 
1.3.2.2 Langmuir model calculation 
 
The Langmuir equation [62] is the simplest and the most widely used expression for 
physisorption and chemisorption from either a gas or liquid phase. There has been many 
isotherm equations proposed since Langmuir and many of them are based on this equation. 
Langmuir proposed an equation in 1918 using three assumption, as follows [18, 30, 47, 62, 
63]; 
 
 Surface is homogenous, where the adsorption energy is constant over all sites. 
 Each adsorption site can be occupied by one adsorbate entity. 
 There is no transmigration and interaction between adsorbed molecules.  
 
The general adsorption model is normally expressed as shown in Equation 1-8; 
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From the original Langmuir equation, the most well know Langmuir linear form of this 
equation can be presented in Equations 1-9 and 1-10.  
 
Equation 1-9, derived by Langmuir, produces a linear regression with a plot using ee qC  
against eC .  
 
e
e
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11
                                  Equation 1-9 
 
Equation 1-10 was derived by Lineweaver & Burk in 1948, and divided Ce through Equation 
1-9. For Equation 1-11, eq1  was plotted against eC1 to obtain the constant values of Qmax 
and b using the linear regression technique.  
 
ee bCQQq maxmax
111
                                Equation 1-10 
 
where; 
 
Ce is the residual concentration of adsorbate at the equilibrium (mg/l or mmol/l) 
qe or X/M is the amount of adsorbate adsorbed from solution per unit mass of adsorbent (mg/g 
or mmol/g) 
Qmax is the maximum adsorption capacity corresponding to complete monolayer coverage 
(mg/g or mmol/g) 
b is the Langmuir’s adsorption affinity directly related to the adsorption energy between solid 
and adsorbate compound (l/mg or l/mmol). 
 
Note that the linear equation 1-9 and 1-10 were used to fit with the adsorption data in this 
research because these are the most commonly used in the study of the AC adsorption, 
respectively [30, 34, 57, 64, 65]. The reason for using both of these linear equations is that by 
observation from the literature, Equation 1-9 usually produced a better R2 than other model 
equations, such as Freundlich and Temkin, while the Equation 1-10 seem to produce a lesser 
R2 but with a better fit to the adsorption data as determined by Normalized deviation (P), see 
Appendix IV section 12.4.2 [57, 65]. Therefore, by not just assessing the data fit to the 
equations based upon the R2, it avoids the possibility of a wrong conclusion when compared 
to the other model equations such as Freundlich or Temkin. 
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Weber and Chakkravorti (1974) defined the essential characteristics of the Langmuir isotherm 
by expressing it as a dimensionless constant called the separation factor or equilibrium 
parameter or RL, which is shown in Equation 1-11 [66-68]. RL was used to indicate the shape 
of the adsorption isotherm, as illustrated in Table 1-4 and Figure 1-11. 
 
01
1
bC
RL

                                       Equation 1-11 
 
Where C0 is the initial concentration of adsorbate or the highest concentration of adsorbate 
(mg/l or mmol/l), when determining adsorption isotherm by varying solution volume or 
adsorbate concentration, respectively. 
 
Table 1-4 RL parameter indicates the nature of the adsorption isotherm behaviour [58, 66] 
 
 
 
Figure 1-11 Shape of isotherm indicated by separation factor [66] 
 
Further advantages of the Langmuir equation are that it is easy to interpret the parameters and 
has a uptake limiting aspect. This means if the Ce value becomes very high, the qe will 
become closed to Qmax. Qmax is the limit value for qe; this means, no matter how high the Ce 
value becomes the qe is still lower than Qmax. The disadvantage is that it only accounts for 
monolayer adsorption [61].  
 
value of RL Type of isotherm 
RL>1 Unfavourable 
RL=1 Linear 
0<RL<1 Favourable 
RL=0 Irreversible (very favourable) 
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1.3.2.3 Temkin model calculation 
 
Very often the decline in the heat of adsorption is more linear than logarithmic and it is this 
type of phenomena that led to the derivation of the Temkin adsorption isotherms [18]. In 
1940, Temkin and Pyzhev derived an isotherm equation based on the consideration of the 
indirect adsorbate/adsorbate interactions on an adsorption isotherm. The equation was 
proposed by assuming that the heat of adsorption of all the molecules in the layer decreases 
linearly in relation to the coverage due to adsorbent-adsorbate interactions [60, 67, 69, 70]. 
The isotherm is, in fact, derived from Langmuir adsorption isotherms by adding the condition 
that the heat of adsorption drops linearly with surface coverage and such an effect can arise 
from repulsive forces on a uniform surface or from surface heterogenity of the surface [18]. 
The heat of adsorption is characterized by a uniform distribution of binding energies up to a 
maximum [67, 70]. 
 
The original expression, as shown in Equation 1-12 in the linear form, is expressed in 
Equation 1-13. The plot of qe versus lnCe enables the determination of the constant value for 
the Temkin equation. 
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In the linear form; 
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where; 
 
Ce is the residual concentration of adsorbate at the equilibrium (mg/l or mmol/l) 
qe is the amount of adsorbate adsorbed from solution per unit mass of adsorbent (mg/g or 
mmol/g) 
A is the equilibrium binding constant corresponding to the maximum binding energy (l/g or 
l/mg) 
b is the Temkin constant related to the heat of adsorption (J/mol) 
R is the universal gas constant (8.314 J/mol K) 
T is temperature (Kelvin, K) 
𝑩 ≡
𝑅𝑇
𝑏
 is related to heat of adsorption 
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1.3.3 Mathematics for gas phase characterization  
 
1.3.3.1 Brunauer, Emmett and Teller model calculation (BET) 
 
In 1938, Brunauer et al., [71] were the first to develop a theoretical account of multilayer 
adsorption based on a flat surface with no limit to the number of layers that could be 
accommodated on the surface. It remains the most important equation for the characterization 
of the surface of a finely-divided and porous material, largely due to its simplicity. The theory 
was developed based on similar assumptions to those used in the Langmuir equation, which 
are as follows [26, 51, 52, 72, 73]; 
 
 The adsorbates are adsorbed to the surface, which is perfectly uniform. 
 The surface is energetically homogeneous, which means the adsorption energy does 
not change with the progress of adsorption in the same layer, except the first layer. 
 There is no interaction between adsorbed molecules. 
 When P=P0, the adsorbate forms a liquid with an infinite number of layers on the 
surface of the adsorbent. 
 
The BET equation is expressed as; 
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                     Equation 1-14 
 
Equation 1-14 is the most common form of the BET equation. It is used extensively for SA 
determination. This is because when the monolayer coverage Vm is known and if the SA 
occupied by one molecule is known, then the SA of the solid can be determined.  
 
To simplify the calculation of Vm, the BET equation can be written in linear form as shown in 
Equation 1-15 and 1-16. 
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where; 
 
P is the pressure of gas or vapour 
P0 is the saturation pressure of gas 
V is the volume of gas adsorbed at the relative pressure P/P0 
Vm is the adsorption capacity of monolayer  
C is the BET constant that is related to the enthalpy of adsorption in the first adsorbed layer. 
 
From the linear equation, the plot of 
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1
, then Vm and C can be determined. When the Vm is obtained, 
the SA can be calculated using the Equation 1-17, as shown below; 
 
mAm aNVS                                          Equation 1-17 
 
where; 
 
S is the specific SA of solid (m2/g) 
am is the molecular cross-sectional area (m
2/molecule),  
       (am of N2 at 77 K = 16.2 Å2/molecule = 0.162 nm2/molecule  = 1.62 x 10-19 m2/molecule) 
NA is the Avogadro number ≡ 6.02 x 1023 (molecules/mole). 
 
The BET adsorption isotherms are normally linear within the (valid range) in the relative 
pressure range 0.05 to 0.35 [18]. The C value may be used to characterize the shape of the 
isotherm in the BET range [26]. A high value of C (≈100) relates to a sharp knee in the 
isotherm, which helps to visualize and identify the uptake of point B (see gas adsorption 
isotherm in section 1.3.1.1). In contrast, if C becomes very low (<20), point B cannot be 
identified as a single point on the isotherm. This is because point B cannot be provided 
precise mathematical description. Thus, the theoretical significance of the amount adsorbed at 
Point B is uncertain. For N2, the C value is normally sufficiently large (≥100) to warrant the 
assumption that the BET straight line passes through the origin of the coordinate system. In 
addition, the C value is usually >200 when the monolayer-multilayer formation mechanism is 
operative [26].  
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1.3.3.2 T-plot method 
 
The T-plot method was proposed by Lippens and de Boers in 1965. The method was 
developed based on plotting standard isotherms and thickness curves, which describe the 
statistical thickness of the film of adsorbate on non-porous flat surfaces. This method can be 
used to detect capillary condensation in mesopores. Also, the micro-, meso-, macropore 
volume and total SA can be calculated by this method [47, 51, 73-76]. The relation between 
the volume adsorbed and the film thickness relation is very simple and shown as follow; 
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where; 
 
t is an average film thickness of adsorbate on surface (Å) 
σ is thickness of single molecular layer of nitrogen molecule (3.54 Å) 
V is the volume of gas adsorbed at the relative pressure P/P0 (cc at STP/gram) 
Vm is the volume of gas adsorbed at monolayer (cc at STP/gram). 
 
The film thickness can be calculated using the Harkins-Jura equation [73, 77] or using the 
Halsey or Cranston-Inkley equation [25]. Choosing the equation depends on the best choice of 
the reference isotherm obtained on a solid, similar to that under study [25]. In this work, the 
Harkins-Jura equation was used and the Harkins-Jura thickness equation for the nitrogen at 77 
K, is shown in Equation 1-20; 
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From this, plotting the graph V against t enables the SA (meso & macropore and total SA) and 
micropore volume to be calculated. There are four idealized t-plot curves obtained for non-
porous, microporous, mesoporous and micro & mesoporous materials, as shown in Figure 1-
12.  
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Figure 1-12 Idealized t-plot [52] 
 
To calculate SA, the plot of V against t is given, which slope is V/t. Therefore, this will enable 
the total SA and meso & macropore SA to be calculated using the slope of the first and 
second linear regions, respectively, and using the same SA equation, as used to calculate the 
BET SA, Equation 1-17. The final form of the equation, given by Lippens and de Boer, is 
shown in Equation 1-21 [47, 75]. 
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The t-plot method can be used to calculate the total SA, which gives the value very close to 
the total SA determined by the BET method; there is normally a value difference of within 
10-15%. Generally, the BET SA is used to present the total SA of the samples, while the t-
plot is mainly used to calculate micropore volume and meso & macropore SA only. The 
micropore SA can be obtained by using the difference between the BET SA and the meso & 
macropore SA, derived from the t-plot method [47, 52, 74].  
 
1.3.3.3 Barrett-Joyner-Halenda model calculation (BJH) 
 
The BJH method was proposed by Barrett, Joyner and Halenda in 1951. This method can be 
considered as the most widely-used method for mesopore size analysis [76]. The method 
describes the adsorption and capillary condensation process that takes place in mesopores. In 
the capillary condensation region (P/P0 > 0.4), each pressure increase causes an increase in the 
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thickness of the layer adsorbed on the pore walls and capillary condensation in pores having a 
“core”, which is the empty space between the pores [25]. The core size is rc≡ rk as defined by 
the Kelvin equation (see section 1.3.1.1) as follows; 
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                                   Equation 1-22 
 
where; 
 
rc is the radius for cylindrical pores or the distance between walls for slit shaped pores.  
 
The assumption of the geometric model, which is usually cylindrical or slit shaped, allows for 
the calculation of the contribution of the thickness of the adsorbed film to the total adsorption 
and the core volume. From these results, it is possible to calculate the PV from core volume 
and the core size from the pore size. The mesopore volume and the mesopores size 
distribution can be obtained by a step-by-step examination of the desorption isotherm range of 
relative pressure, between 0.42 and 0.98. Note that in the methodology of BJH, a cylindrical 
pore shape with open ends and an absence of a pore network was assumed [25, 52, 78]. 
 
From this method it is also possible to calculate the SA, which is the surface of mesopore 
walls depending on the choice of geometric model used for the pores, because the method 
gives the distribution of PV alongside the pore size. Unfortunately, calculating the SA from 
this method is not widely used because of the necessity to assume that a geometric model 
more strongly affects the SA than PV. Thus, the results require independent confirmation by 
comparing the values to those obtained by the t-plot method [25, 51, 78, 79]. 
 
1.3.3.4 Horváth-Kawazoe model calculation (HK) 
 
In 1983, Horváth & Kawazoe proposed a method to determine the effective pore diameters of 
microporous solids (< 2 nm); the method is based on a quasi-thermodynamic approach. The 
average potential function inside the pore (Leonard-Jones functions), is calculated, relating 
the average interaction energy of an adsorbate to its free energy change under adsorption 
(Gibbs free energy of adsorption) and also by assuming the slit-like pore shape [25, 80, 81]. 
This method was carried out in order to overcome the limittaions of the other pore size 
distribution calculation method, which is normally based on the Kelvin equation [80]. The 
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Horváth & Kawazoe equation, which correlates the effective pore diameter of a micropore to 
the adsorption isotherm, is shown as follow; 
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   Equation 1-23 
where; 
 
R is ideal gas constant  
T is adsorption temperature  
P is adsorption pressure  
P0 is saturation pressure of adsorbate at temperature T 
K is Avogadro’s number 
Na is number of atoms per unit area of adsorbent 
Aa is Lennard-Jones constant for adsorbent  
AA is Lennard-Jones constant for adsorbate atom at zero interaction energy  
l is distance between nuclei of two layers (slit/pore width) 
d = da+dA  
dA is diameter of adsorbate molecule 
da is diameter of adsorbent atom  
σ is distance between a gas atom and the nuclei of the surface at zero interaction energy 
σ =0.858d/2 
 
From this, correlating a function of nitrogen adsorption pressure (P) with respect to the 
distance between two layers of adsorbent (l), an expression that correlates the volume 
adsorbed to the effective pore diameter (l - da) may be obtained. The expression form is 
shown in Equation 1-24. 
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                                     Equation 1-24 
where; 
 
W is volume of gas adsorbed into pore, smaller than (l - da) 
W0 is maximum volume of gas adsorbed into the pores (normally at the highest experimental 
pressure obtained). 
 
The plot of pore size distribution can be presented in a cumulative and/or derivative form of 
W/W0 against (l - da) but, more preferable, in derivative form. It should be note that the model 
gives a poor value if used with (l - da) > 1.5 nm [80].  
 
1.4 ENDOCRINE DISRUPTING CHEMICALS (EDCs) 
 
There are many reasons for applying SBA for the removal of EDCs in wastewater. Firstly, it 
is a new area of research in terms of the EDCs removal, which has become more relevant in 
recent decades because of the potential adverse effects that may result from contact with 
chemicals that have the ability to interfere with the endocrine system in wildlife and humans. 
Furthermore, as far as this author knows, it is the first time that a SBA has been used to 
remove the EDCs of concern in wastewater effluent, which is a major source of the EDCs in 
the environment [82-84]. In addition, it may help to enable the production of AC derived from 
sludge to become economical because the adsorbent can be used on-site to remove 
undesirable EDC compounds.  
 
The World Health Organisation defines EDCs as “exogenous substances or mixture that alter 
function(s) of the endocrine system and consequently cause adverse health effects in intact 
organism, or its progeny or (sub)-populations”. Potential EDCs are defined as an exogenous 
substance or mixture that possesses properties that might be expected to lead to endocrine 
disruption in intact organisms, or its progeny or (sub) populations [85]. A wide range of 
chemicals are thought to be potential EDCs; various natural and synthetic chemical 
compounds have been identified that induce estrogen-like responses, which include 
pharmaceuticals, pesticides, industrial chemicals and heavy metals [86, 87]. These 
compounds are exposed to the environment via the routes as shown in Figure 1-13. 
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Figure 1-13 Exposure route of EDCs to the environment; adapted from Liu [86] 
 
1.4.1 Background of EDCs 
 
As mentioned earlier, in the last few decades, there is increasing concern over the potential 
adverse effects that may result from exposure to a group of chemicals, which have a potential 
to alter the normal functioning of the endocrine system in wildlife and humans. Concern about 
the exposure to EDCs has arisen, due to the adverse effects observed in wildlife, fish and 
ecosystems. Secondly, there are increasing incidences of certain endocrine-related human 
diseases. Lastly, laboratory experiments on animals have shown that the exposure to certain 
chemicals can cause endocrine disruption. Hence, this group of chemicals has become an area 
of priority for research in order to study and tackle this problem [85, 88-90].  
 
There are several environmental studies of EDCs and their removal methods. Research has 
focused on the study of EDCs in wastewater effluent, sludge, sediment, surface water, soil 
EDCs released from humans, 
animals and industry 
WWTP 
Wastewater effluent SS 
Sediment Surface water Soil  Soil interstitial water 
Ground water 
Sewer 
EDCs released from 
industry and agriculture  
Atmosphere 
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and ground water, while the main focus has been on wastewater effluent, because it is the 
major source of EDCs [86, 91].  
 
1.4.2 Types of EDCs found in wastewater and the environment 
 
Table 1-5 List of EDCs in the environment [48, 92] 
 
 
The most common EDCs found in wastewater, surface waters, sediments, groundwater and 
possibly, in drinking water have been identified by various organizations and researchers, as 
shown in Table 1-5 [86, 92]. The organizations which classified these EDCs include the 
United Kingdom Environmental Protection Agency (UKEPA), United States Environmental 
Steroids Estrogen (Natural and Synthesis) Alkyl phenols Pesticides 
Estrone (E1) Nonylphenol (NP) Carbendazim  
17β-estradiol (E2) Nonylphenol Ethoxylates (NPEOs) 2,4-D  
17α-estradiol (αE2) Octylphenol (OP) Diazinon 
Ethinylestradiol (EE2) Octylphenol Ethoxylates (OPEOs) Dicofol 
Estriol (E3) Organotin Compound Dimethoate  
2-Hydroxyestrone (2-OHE1) Tributyltin Diuron  
16α-Hydroxyestrone (α-OHE1) Polyaromatic compounds Endosulfan 
Mestranol Polychlorinated biphenyls (PCBs) Iprodione  
Diethylstilbestrol Brominated flame retardants Malathion 
17α-dihydroequilin Polyaromatic hydrocarbons (PAHs) Prochloraz  
Equiline Pesticides Aldrin 
Tamoxifen  Amitrole  Dieldrin 
Testosterone  Atrazine Endrin 
Androstenedione  Fentin acetate+  Parathion 
Androsterone  Lindane Propanil  
Progesterone  Linuron  Amitraz 
Norethindrone  Maneb  Benomyl+  
17β-trenbolone Metam-sodium Carbofuran 
17α-trenbolone Thiram  Chlorpyrifos 
Photoestrogen Vinclozolin  Deltamethrin 
Biochanin A Zineb Epoxyconazole 
Formononetin Acetochlor Metiram 
Equol Alachlor Oxydemetonmethyl 
Genistein Chlordane  Prochloraz  
Coumestrol Chlordecone Trichlorfon 
Daidzein DDT  Dichlorvos 
Organic Oxygen Compounds Hexachlorobenzene Trifluralin 
Phthalates Mirex Demeton-S-methyl 
Bisphenol A Nitrofen Permethrin 
Dioxins: polychlorinated-p-dioxins & the related furans  Toxaphene  Simazine 
    Pentachlorophenol 
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Protection Agency (USEPA), Oslo and Paris commission (OSPAR), Japan Environmental 
Agency (JEA), World Wildlife Fund (WWF) and recent worldwide research publications [86, 
92, 93]. As shown in Table 1-5, EDCs can be classified into several groups based on their 
chemical structure, plus a group of pesticides. 
 
WWTPs are assessed as being the major source for the release of EDCs. From various EDCs 
in Table 1-5, E1, E2, E3, EE2, OP, NP and BPA are those receiving most research attention. 
This is because they are always detected in WWTPs worldwide, their great endocrine 
disrupting effect and/or the compound quantity present in wastewater [84, 94-100]. Most of 
the EDCs concentrations in wastewater are at a very low level. For E1, E2, E3 and E22, the 
range of concentration can be less than 1 ng/l, up to less than 100 ng/l, while the concentration 
range of OP, NP and BPA are much higher and can measure up to 100 μg/l [86].  
 
Table 1-6 shows the physicochemical properties of these potent EDCs. From this, it can be 
seen that the molecular size of these potent EDCs are quite small and all exhibit a MW of 
200-300. Among these, BPA are found to have the highest solubility at ambient temperatures 
and this is a lot higher than those of potent steroid compounds. Furthermore, the range of the 
hydrophobic behaviour of these potent EDCs are found to range from moderate to high. 
 
Table 1-6 Physicochemical properties and relatives binding affinity of potent EDCs 
 
a: from [92] 
b: from [101] 
c: RBA (AR) is relative binding affinity determined by androgen receptor ligand competitive binding assay 
d: RBA (ER) is relative binding affinity determined by estrogen receptor ligand competitive binding assay 
c & d: from [86] 
 
E1, E2, E3 and EE2 are very potent estrogen receptor modulators, only a few ng/l of these 
steroids can alter the reproductive system of fish that are exposed to this wastewater effluent. 
E1, E2 and E3 are natural steroid estrogens generated from human (mainly female) hormones, 
Compound Formula MW Water solubility Log Kow RBA RBA 
    (g/mol) (mg/l)   (AR)
c
 (ER)
d
 
Estrone (E1) C18H22O2 270.4 12.42
a
 3.43
a
 1.3 x 10
-3
 0.44 
17β-estradiol (E2) C18H24O2 272.4 12.96
a
 3.94
a
 0.66 1 
17α-Ethinylestradiol (EE2) C24H20O2 296.4 4.83
a
 4.15
a
 3.2 x 10
-4
 0.33 
Estriol (E3) C18H24O3 288.4 13
a
 2.81
a
 4.82 x 10
-3
 1.4 
Nonylphenol (NP) C15H24O 220.3 3.9
b
 5.76
b
 1.26 x 10
-4
 1.4 x 10
-3
 
Octylphenol (OP) C14H22O 206.3 3
b
 5.50
b
 1.25 x 10
-4
 1.24 x 10
-3
 
Bisphenol A (BPA) C15H16O2 228.3 120-300
a
 3.4
a
 3.01 x 10
-4
 2 x 10
-3
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which are crucial for maintaining the health of the reproductive tissues, breasts, skin and 
brain. E22 is the synthetic steroid estrogen from contraceptive pills [101, 102].  
 
For alkylphenols, OP and NP are common products of derivative, non-ionic surfactants. OP is 
leached through the use and production of electrical insulating varnishes, water-based paints, 
textile auxiliaries, printing inks and emulsion polymerization, while NP is leached from 
employing lubricant oil, cosmetics, emulsifiers, plastics, latex paints, paper and textile 
industries and household and industrial detergents. As illustrated in Table 1-6, this group of 
chemicals shows a lower endocrine disrupting effect than those of the main steroid estrogens 
but their high concentration in wastewater make this group of chemicals more problematic 
and the estrogenic effect on wildlife had already been presented by many researchers [94, 
102, 103]. 
 
BPA is, by far, one of the highest volume chemicals produced worldwide, > 8 billion pounds 
each year and > 100 tonnes released into the atmosphere by annual production [91, 104]. It is 
used in the production of polycarbonate plastics and used to line metal cans, which are 
everyday products. Consumer related leaching can also occur in product containers, such as 
plastic food containers and the food that is in direct contact with this chemical (which include 
both freshwater fish and seafood). Studies also show that BPA can be detected in human 
water bodies such as in serum, urine, amniotic fluid, follicular fluid, placental tissue and also 
umbilical cord blood. More than a hundred research studies have confirmed the effect of this 
chemical on wildlife, rats, mice, sheep and human cells [105-112].   
 
1.4.3 Bisphenol A (BPA) 
 
To study EDC adsorption, BPA was selected as a test molecule for this research project to be 
applied to SBA. There are many reasons for choosing this chemical. Firstly, the solubility of 
BPA is among the highest compared to the other potent EDC compounds. The need for some 
compound solubility was essential as a primary aim of this project is to produce high quality 
SBAs, which means that if the solubility of the adsorbates is too low, it is very difficult to a 
determine the adsorption efficiency of each SBA. The highest hydrophilic nature when 
compared among the other EDCs in Table 1-6 also imply that it is by far the most difficult 
chemical to remove from the aqueous phase, because ACs generally exhibit a hydrophobic 
surface. Secondly, it is one of the highest volumes of chemical manufactured worldwide. This 
study may also be useful, not only in the municipal WWTPs but also in wastewater derived 
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from those manufacturing applications that use BPA as a monomer in their process. Also, it 
may be beneficial to treat wastewater from landfill leachate, which may contain plastic-
derived products. Another reason is that the molecular size of BPA is mid-range of those 
EDCs of concern, this means that it may be possible to predict the pore size of the AC so that 
it can be made to fit other EDC compounds of concern by using this chemical molecule as a 
guideline. Finally, recent research found that BPA not only has the endocrine disrupting 
efficacy of estradiol but also shows equal potency to estradiol, which gives the strongest 
estrogenic potency among the EDCs. Further details concerning BPA are discussed in the 
following section.  
 
1.4.3.1 Production and application 
 
BPA was first synthesized by A. P. Dianin in 1891 [110] and it was investigated later in 
the1930s during the search for synthetic estrogens for pharmaceutical purposes. It was tested 
for its estrogenic properties at that time but abandoned when Diethylstilbestrol (DES) was 
found to have much more potential for pharmaceutical use. Nevertheless, since the early 
1950s until now, most of the BPA produced is mainly used as a monomer for polycarbonate 
and epoxy resins [108, 110]. It is also used in the manufacturing of phenol resins, 
polyacrylates and polyesters [109]. The polycarbonate plastics are used in compact disc 
production, food containers, house hold application and automotive lenses [109, 113]. The 
epoxy resin is used as food-container surface lacquer coatings for cans, metal jar lids, 
protective coatings and finishes, automobile parts, adhesives, aerospace applications and 
coatings for PVC pipes [109, 114]. Moreover, BPA is also used for producing dental sealants 
and bonding agents [113, 115, 116]. Reaction 1-13 shows the synthesis of BPA (C), which is 
an organic compound, produced from acetone (A) and phenol (B) with a by-product, water 
(D) [117].   
 
             Reaction 1-13                        
A          A               +               2B                                    C                         +     D 
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1.4.3.2 Structure 
 
Figure 1-14 shows a tetrahedral molecular structure of BPA. The maximum distance between 
the hydroxide groups is 0.94 to 1.119 nm, height 0.53 nm and the benzene ring width of 0.325 
to 0.43 nm. The molecular structure has a volume 0.70 nm3 and SA 4.32 nm2 [65, 118-120].  
 
 
Figure 1-14 BPA molecular structure [118] 
 
1.4.3.3 Exposure of BPA to the environment  
 
The exposure of BPA to the environment comes from humans and its manufacturing process. 
It  is an industrial chemical product and about 100 tonnes of BPA are released into the 
atmosphere each year from world-wide  production[91]. The other leachates of BPA are from 
household effluent, industrial effluent and landfill leachate; and these leachates are passed 
through the other environment phases. The BPA household effluent leachates are from both 
the intake of the BPA by humans and from leaching from product applications. During these 
product applications, such as the manufacture of plastic food containers and plastic bottles, 
the ester bond linking BPA molecules in polycarbonate and resins is subject to hydrolysis, 
thus resulting in leaching of the BPA monomer. This can occur with new polycarbonate 
plastic when it comes in to contact with water at room temperature. The rate of leaching can 
increase when the temperature rises. BPA leaching also responds to acid and base conditions. 
The rate of BPA leaching can be increased by up to more than 1000-fold from old, worn-out 
products compared to the rate of leaching from new products [106]. Moreover, industrial 
effluent from the production of BPA, its application product and its landfill leachate from the 
use of these products, are other sources of BPA that can be released into the wastewater 
system.  
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1.4.3.4 Hazardous potential of BPA 
 
It has been known for decades that BPA has the efficacy of the hormone estradiol (E2) in 
some tissues. Although BPA was thought to be a lot less potent (10,000 times) than estradiol, 
and initially was considered to be a very weak environmental estrogen [107], recently 
research show that BPA may be similar in potency to estradiol in stimulating some cellular 
responses and influencing multiple endocrine-related pathways [121]. Also, based on studied 
showed in animals, it is extensively accepted that exposure to BPA might be potentially 
harmful to human health but many people would argue that it is likely. Effects of low-dose 
exposure in animals from several studies are shown in Table 1-7 [111]. 
 
Table 1-7 Effect of BPA low-dose exposure in animals 
 
 
BPA, an endocrine disruptor, can mimic the body’s hormones. It can disrupt normal cell 
function by acting as an estrogen agonist as well as an androgen antagonist after entering the 
human body [112, 122]. From its effect, BPA can affect human health in reproduction, 
development, metabolic disease and other health effects such as thyroid and immune 
functions, albuminuria, epigenetics, gene expression and sister chromatid exchange [112]. For 
example, it has been hypothesized that these effects may lead to altered fertility, such as 
reductions in sperm count and sperm activity, be toxic to the liver and may be possibly linked 
to obesity by disturbing fat-cell activity [111, 123]. BPA may affect human development 
throughout the foetal period [111, 124]. Also, it may be carcinogenic and thus potentially 
leading to precursors of breast cancer [123]. Moreover, it may increase the incidence of the 
neuro-behavioural problems, such as attention deficit hyperactivity disorder (ADHD) and 
Dose (µg/kg/day) Effects (measured in studies of animals) 
0.025 Permanent changes to genital tract 
0.025 Change in breast tissue that predispose cells to hormones and carcinogens 
1 Long-term adverse reproductive and carcinogenic effects 
2 Increased prostate weight 30% 
2 
Lower bodyweight, increase of anogenital distance in both genders, signs of early 
puberty and longer estrus 
2.4 Decline in testicular testosterone 
2.5 Breast cells predisposed to cancer 
10 Prostate cells more sensitive to hormones and cancer 
10 Decreased maternal behaviours 
30 Reversed the normal sex differences in brain structure and behaviour 
50 Adverse neurological effects occur in non-human primates 
50 Disrupts ovarian development 
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autism. Increases in obesity in childhood and adulthood and also Type 2 diabetes are another 
cause of its underlying mechanisms [91, 108].  
 
The level of BPA exposure to humans and the level of BPA that stimulates cellular responses 
are shown in Figure 1-15. From this Figure, it can be seen that the detection level of BPA in 
blood, urine and other tissues in virtually all people is in a relatively high range of 0.1 to 10 
ppb, which, at the lower range of detection of 0.1 ppb, already exceeds adverse-effect levels 
in a multitude of animal studies. 
 
 
Figure 1-15 Diagram of the bioactive (ppt) range in culture medium for most sensitive 
reported effects of BPA in rat, mouse and human tissues in relation to the ppt to ppb range for 
unconjugated (parent) BPA in human blood determined in many studies [105] 
 
Based on the available human exposure data, it has been predicted that there are already 
extensive human biological actions of BPA within the range of current human exposures 
[105, 112, 125]. The level of its exposure to humans are from both the leaching from food 
containers, such as cans and plastic bottles and from the contamination of food before their 
storage in these containers. Nevertheless, the research carried out by Kang et al. [109] 
suggested that one contamination route for humans may be from the intake of freshwater fish 
or seafood, which has been contaminated by BPA. This study detected a very high amount of 
BPA contamination in supermarket seafood, including prawn, crab, blood cockle, white clam, 
squid and fish, which varied between 13.3 to 213.1 ng/g wet weights. The detection of the 
BPA levels in freshwater fish that live in a none-BPA-contaminated area (< 0.18 ng/ml) is far 
lower than the detection levels for sea water fish. For seawater fish, the level is between 1 to 6 
ng/g dry weights; nonetheless, the level of its contamination can increase up to 104 to 106, 
when fish live near a sewage treatment plant. The possible reason for the higher concentration 
of BPA in seafood is because the BPA is more persistent in sea water than freshwater and thus 
a higher amount of contamination to the food can be expected [109]. 
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1.4.3.5 Concentration of BPA in wastewater and its treatment method 
 
The concentration of BPA in wastewater influent and effluent obtained from various sources 
and WWTPs and waste landfill leachate worldwide are shown in Table 1-8. From Table 1-8, 
the concentration from the wastewater from both domestic and municipal WWTPs are from 0 
to 21 μg/l while the wastewater effluent from the wastepaper recycling plants and the landfill 
leachate are far higher from 8 to 370 μg/l, and from less than 0.5 to 17,200 μg/l, respectively.  
 
Focusing on the wastewater derived from domestic and municipal WWTPs, some of the 
WWTPs, such as those in the USA and Austria, are also mentioned as sources from which it 
is derived. In relation to source, the paper production, chemical industry, metal/wood and 
laundry industry are the major industries that produce BPA at a high concentration level, 
varying from 5.2 to 41 μg/l. The municipal WWTPs that process the major contribution of 
wastewater from the tanning industry, also presented a high level of BPA concentration. The 
concentration levels of BPA in other industries and residential areas are in a lower range, 
which is below 3.7 μg/l. It can be said that the same wastewater sources, derived from 
residential areas in different countries, produce a similar range of BPA concentration levels. 
For example residential areas of both the USA and Austria typically produce effluent 
containing BPA in the range of 2.2 to 2.5 μg/l. However, the industrial production of paper in 
different countries is presented as dramatically different in BPA concentration, at only 0.753 
μg/l in the USA but 41 μg/l in Austria. Fukazawa et al. [126], whose research was based on 
wastewater from paper recycling plants, mentioned that the high BPA concentration is 
believed to originate from waste containing thermal paper and/or other printed paper. The 
worldwide total concentration of BPA in the influent WWTP seems to vary from less than 1 
μg/l up to 21 μg/l; this may depend largely on the industrial sectors, which are involved in 
each municipal WWTP process.  
  
All treatment plant facilities treat the effluent to ensure it is below 1.5 μg/l. It can be seen 
from Table 1-8 that the treatment method makes a significant contribution to the removal of 
BPA. From this data, the WWTPs that are involved in the primary settlement, activated 
sludge and the biological treatment, such as nitrate and phosphate removal, appear to greatly 
contribute to the removal of BPA from WWTPs, while the treatment using the trickling filters 
show a lower removal efficiency of BPA. The aerated lagoon appears to be the worst 
treatment method for the removal of the BPA from WWTPs as it creates more BPA during its  
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Table 1-8 Concentration of BPA in wastewater and landfill leachates 
Type of wastewater Country Treatment processes  Concentration (μg/l) Removal  Reference 
     Influent Effluent (%)   
Municipal WWTP  
bar screen+aerated grit 
chamber (removed 
sand&scum)+denitrification+ 
aeration+clarifiers 
21 1.5 93   
Metal fabrication /wood manufacture  17     
Chemical industry  18     
Hospital  -     
Paper products manufacturer (40%) Austria  41   [114] 
Cloth washing company  5.2     
Food industry   2.1     
Residential area I   2.2     
Residential area II    2.5       
Municipal WWTP  NM ND/<5 ND/<0.38 92   
Residential area 1   ND/<2.5     
Residential area 2   ND/<2.5     
Nail salon   ND/<1.25     
Industrial laundry 1   21.5     
Industrial laundry 2   ND/<6.25     
Residential coin laundry   ND/<2.5     
Diaper service USA   ND/<0.36   [97] 
Pet wash   ND/<2.5     
Veterinary clinic   ND/<3.7     
Hospital   ND/<2.5     
Medical clinic   ND/<1.25     
Pharmaceutical manufacturer   0.295     
Plastic bag manufacturer   ND/<2.5     
Paper products manufacturer   0.753     
Beverage manufacturer   ND/<3.6     
Adhesives manufacturer    ND/<0.41       
Municipal WWTP UK 
primary clarification+activated 
sludge biological 
treatment+clarification 1.105 0.0192 98 [127] 
Municipal & tannery industry WWTP Spain  
primary settlement+biological 
treatment 7.1 ND 100 [128] 
Municipal WWTP  
primary settlement+biological 
treatment 2.5 ND 100  
ND: not detected, NM: not mentioned 
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Table 1-8 (continued) Concentration of BPA in wastewater and landfill leachates 
Type of wastewater Country Treatment processes  Concentration (μg/l) Removal  Reference 
     Influent Effluent (%)   
Municipal WWTP 
(60% from domestic origin, 40% from 
hospitals, research institutes, various 
industries (mainly from metal working, 
electronics, food, pharmaceutical, 
production of plastic resins), NONE from 
pulp&paper or oil refinery   
  
Germany  
  
  
primary clarification+activated 
sludge treatment+biological 
nitrate removal 
(nitrification/denitrification)+ 
biological phosphate 
removal+final settlement tanks 
  
0.542 
  
0.162 
  
70 
  
[7] 
  
  
  
  
Municipal WWTP 1   
primary settlement+activated 
sludge+carbon 
removal+phosphorus 
precipitation 1.71 1.53 11  
Municipal WWTP 2   
activated sludge+carbon 
removal+phosphorus 
precipitation+nitrification+ 
denitrification+anaerobic 
sludge digestion 1.204 0.723 40  
Municipal WWTP 3 Austria  
primary settlement+same as 
WWTP2 0.72 0.125 83 [129] 
Municipal WWTP 4  
activated sludge+simultaneous 
sludge stabilization+carbon 
removal+phosphorus 
precipitation+nitrification+ 
denitrification 2.184 0.046 98  
Municipal WWTP 5  
membrane bioreactor+carbon 
removal+nitrification+ 
denitrification 2.184 0.067 97  
Domestic WWTP  France NM 0.2391 0.1623 32 [94] 
Municipal WWTP Italy  
primary clarification+activated 
sludge biological 
treatment+clarification 0.334 0.032 90 [130] 
ND: not detected, NM: not mentioned 
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Table 1-8 (continued) Concentration of BPA in wastewater and landfill leachates 
Type of wastewater Country Treatment processes  Concentration (μg/l) Removal  Reference 
     Influent Effluent (%)   
Kraft mill  activated sludge NM 0.021 NM  
Domestic WWTP   trickling filter/solid contact 0.284 0.203 29  
Domestic WWTP Canada  activated sludge 0.186 0.033 82 [131] 
Domestic WWTP  activated sludge 0.59 0 100  
Domestic WWTP   aerated lagoon (3 in series) 0 0.088 created  
Wastewater from wastepaper recycling plant Japan Activated sludge  8-370  [126] 
Domestic WWTP (pilot scale) Japan  aeration tank+settlement tank 0.55 0.14 75 [132] 
Waste landfill- plastics, construction, 
rubber & scrap metal waste (WLF 1)  NM <0.5    
Domestic waste landfill-incombustible 
waste & incinerator ash (WLF 2)  NM <0.5    
Waste landfill-coal ash, slag sludge & 
construction waste (WLF 3)  NM <0.5    
Waste landfill-incinerator ash, 
incombustible waste (WLF 4)  NM 1.3    
Waste landfill-plastics, slag sludge, 
construction & glass waste (WLF 5) Japan NM 6960   [133] 
Waste landfill-plastics, rubber, incinerator 
ash, waste ceramics & construction waste 
(WLF 6)  NM 269    
Waste landfill-plastics, paper, wood, 
rubber, scrap metal waste (WLF 7)  NM 330    
Waste landfill-plastics, rubber, incinerator 
ash, scrap metal waste (WLF 8)  NM 1.6    
Domestic waste landfill-incinerator ash, 
incombustible (mainly waste plastics), 
construction waste (WLF 9)  NM 17,200    
Domestic waste landfill-incinerator ash, 
incombustible, construction waste (WLF10)  NM 50.8    
Municipal waste landfill Japan  
Biodegradation+sedimentation
+charcoal treatment  0.13 0.013a/NDb 96 - 100 [134] 
ND: not detected, NM: not mentioned, a: after biodegradation/sedimentation, b:with additional charcoal treatment 
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treatment process. Focusing on the works by Clara et al. [129] the difference in the rate of 
removal for each of the WWTPs 1 to 5, does have a major contribution on the sludge-
retention time as it varies from 2 to 550 days for WWTP 1 to 4, respectively. In addition, the 
removal rate of the BPA from WWTPs also varies, together with the sludge-retention time. 
From this study, it is also suggested that when the sludge age is higher than 10 days, the 
removal rate of BPA is more than 80%, which confirms the biodegradability of BPA. 
 
BPA concentrations in wastewater derived from landfill leachate are dependent on the type of 
landfill waste that exists. Yamamoto et al. [133] made clear that the landfill leachate from the 
WLF 5 and WLF 9 were polluted by BPA with concentrations up to 6,960 and 17,200 μg/l 
respectively. These high BPA levels existed because the majority of waste that was dumped 
on both these landfill sites was waste plastics and incombustible waste (which are mainly 
derived from waste plastic sources). Yamamoto claimed this assumption by referring to the 
work [135], in the study of leaching of BPA from different plastic types. Here, they found that 
the level of BPA leached from several waste plastics, which were electrical cable coverings or 
synthetic leathers, ranged from 700 to 12,300 μg/l. On the other hand, WLF 1, 2, 3, 4 and 8 
were found to have a far lower concentration of BPA and were all below 1.6 μg/l. For WLF 3, 
the reason for the low concentration of BPA was that coal ash and slag sludge did not contain 
BPA, because it had already been burnt in these substances. The reason for the low 
concentration of BPA in WLF 1, 2, 4, and 8 may be due to the low amounts of waste plastics 
dumped in the landfill and because the majority of incombustible waste is not derived from 
plastic sources. In Yamamoto’s work, there was no mention of the full treatment method for 
each landfill site. However, it was noted that these landfill leachates were treated by 
wastewater treatment facilities that were normally equipped with biological treatments, 
coagulating sedimentation and AC adsorption, which can, for example, reduce the leachate 
concentration of influent from 3,400 μg/l to effluent concentration of 0.5 μg/l. The treatment 
of the municipal waste landfill in the work carried out by Behnisch et al. [134] illustrates a 
good use of AC in the removal of BPA for the leaching waste stream, as shown by the 
removal rate that goes up to 100% with the additional use of AC. 
 
Figure 1-16 gives an example of landfill leachate treatment plants in Germany. Figure 1-16 
(a) show the additional use of both powder and granular AC, while Figure 1-16 (b) uses 
ozone. Both of these two leachate treatment plant processes are accompanied by other 
treatment methods, which are normally used in WWTP processes, including the use of 
nutrient removal and membrane bioreactors. The research work by Wintgens on these two 
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landfill treatment plants, suggests that the majority of BPA (80%) is removed in a membrane 
bioreactor using the process of biodegradation and by the additional use of nanofiltration with 
PAC in plant (a). These are among the best methods for BPA removal from waste effluent, 
which give a removal rate of up to 98% [136].  
 
 
 
Figure 1-16 Landfill leachate treatment plant with additional use of a) AC and b) ozone [136] 
1.4.3.6 BPA removal by carbonaceous materials 
 
Although the WWTPs and WWT facilities for the landfill leachate can remove the 
concentration of BPA in the effluent to lower than a few μg/l, the study of the effect of BPA 
on wildlife and human cells shows that it is active at concentrations lower than those present 
in the effluent of some WWTP processes, as discussed in section 1.4.3.4. If BPA can degrade 
in rivers under aerobic conditions (it cannot degrade under anaerobic condition) with the help 
of bacteria, this typically takes approximately three to five days, which could be long enough 
to have an effect on aquatic organisms. Additionally, in sea water, BPA appears to be more 
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persistent as it takes at least 30 days to degrade, thus increasing the chance of contamination 
and the effects on sea animals, which could end up being consumed by humans through 
seafood products [109, 137]. 
 
Past research had shown that carbonaceous materials can be used for BPA adsorption. Table 
1-9 illustrates the levels of BPA adsorption on these materials based mainly on the use of 
PAC and the study of isotherms [68, 86, 118, 138-140]. The highest BPA adsorption capacity 
of 430.3 mg/g was obtained from a CAC (WV A1100+N2 treatment at 600°C). All CACs 
generally have a high adsorption capacity as a result of their high SA except the CACs that 
were studied by Nakanishi et al. [139] and Asada et al. [138]. These two CACs gave a very 
low BPA adsorption even though they yielded a high SA exceeding 1119_m2/g. Carbonized 
almond shell and KOH activated rice straws, which showed BPA adsorption up to 188.9 and 
181.81_mg/g, respectively, were the only two in-house carbons that were comparable to the 
Norit CAC (3-A-7472). 
 
Focusing on the work carried out by Bautista-Toledo et al. [118], all of the received CACs 
were alkaline in nature with a slight mineral content in the carbon samples, which were 6.1 
and 1.7 % for the Norit and Merck carbons, respectively. The mineral content within these 
two carbons were mainly metallic ions (especially calcium), sulphate and phosphate ions, 
which, after deashing, the mineral content was reduced to 4.7 and 0.4 % for the Norit and 
Merck carbons respectively. Both carbons showed increased adsorption capacity after being 
demineralised and the Norit carbon gave the highest increase in adsorption capacity of about 
156 mg/g compared to the carbon sample, before deashing. These results were probably 
derived from the AC becoming more hydrophobic with a reduction in the mineral matter of 
the carbon.  
 
In the work carried out by Asada et al. [138], there was an interesting result when they 
compared the carbonized Moso bamboo (carbonized at 1000oC) with the CAC, which was 
used in that study. From their result, the carbonized carbon has a far lower SA than the CAC, 
but it exhibited a higher BPA adsorption (2.5-fold greater than that of the CAC). This 
interesting observation can possibly be explained by there being a higher surface 
hydrophobicity associated with the carbonized carbon at 1000oC than with the CAC. This was 
demonstrated by the carbon studies of FTIR; here, the CAC showed greater amounts of 
functional groups on the carbon surface compared to the carbonized carbon. Moreover, it was  
  
  75 
Table 1-9 Adsorption of BPA by carbonaceous adsorbent and CAC 
Type of carbonaceous 
material 
  
Carbonization/
Activation 
conditions 
  Concentration in solution 
(mg/l) 
 &volume used (ml) 
SA 
Iodine 
adsorption 
capacity 
Detection 
wavelength Model fit 
BPA adsorption  
  
References 
  
Temp 
(oC) 
Time 
(min) (m2/g) (mg/g) (nm)   
capacity  
k or Qmax R2  
CAC (coconut shell)     Various concentration/100 1119 1185 221/UV Freundlich 9.2 0.995 
[139] 
  
  
  
  
  
Sugi chip 600 PT* Various concentration/100  548 221/UV Freundlich 4.5 0.986 
Sugi chip 800 PT* Various concentration/100  677 221/UV Freundlich 11.5 0.922 
Sugi sawdust 600 PT* Various concentration/100  582 221/UV Freundlich 4.8 0.972 
Sugi sawdust 800 PT* Various concentration/100  702 221/UV Freundlich 12.1 0.971 
Hinoki sawdust 600 PT* Various concentration/100  554 221/UV Freundlich 7.0 0.984 
Hinoki sawdust 800 PT* Various concentration/100  564 221/UV Freundlich 18.0 0.982   
Kenaf 600 PT* Various concentration/100  452 221/UV Freundlich 2.6 0.994   
Defibrated Kenaf bast 600 PT* Various concentration/100  480 221/UV Freundlich 4.7 0.992   
Kenaf fibre 600 PT* Various concentration/100  290 221/UV Freundlich 1.0 0.972   
Moso bamboo 400 60 1000**/100 2.5   280/HPLC Freundlich 0.3 0.996 
[138] 
  
  
  
Moso bamboo 700 60 1000**/100 251  280/HPLC Freundlich 0.14 0.998 
Moso bamboo 1000 60 1000**/100 300  280/HPLC Freundlich 25 0.988 
CAC     1000**/100 1350   280/HPLC Freundlich 9.9 0.980 
*PT maintained at this temperature for a prescribed time; **2% methanol in total concentration; All the experiments were carried out at ambient temperature between 20-25oC  
***carbonization at 280°C/2 hours then rise to 450°C/2 hours treated with 4M KOH for 30 minsactivation at 450°C/2 hours then rise to 850°C/3 hourswashed by distilled water 
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Table 1-9 (continued) Adsorption of BPA by carbonaceous adsorbent and CAC 
Type of carbonaceous 
material 
  
Carbonization/
Activation 
conditions 
  Concentration in solution 
(mg/l) 
 &volume used (ml) 
SA 
Iodine 
adsorption 
capacity 
Detection 
wavelength Model fit 
BPA adsorption  
  
References 
  
Temp 
(oC) 
Time 
(min) (m2/g) (mg/g) (nm)   
capacity  
k or Qmax R2  
CAC  
(Norit, 3-A-7472)     50-350 /100 1225   275.5/UV Langmuir 129.6   
[118] 
  
  
  
  
CAC  
(Merck,K2735051805)   50-350 /100 1084  275.5/UV Langmuir 263.1  
Almond shells 850 60 50-350 /100 1216  275.5/UV Langmuir 188.9  
CAC (Norit, 3-A-7472)+ 
HCl treatment   50-350 /100 1225  275.5/UV Langmuir 285.7  
CAC  
(Merck,K2735051805)+
HCl treatment     50-350 /100 1084   275.5/UV Langmuir 303   
CAC (WV A1100)   60/100 1777  280/HPLC Langmuir 382.12   
CAC (WV A1100+N2 
treatment at 600°C)   60/100 1760  280/HPLC Langmuir 432.34  [141] 
CAC (F400)   60/100 996  280/HPLC Langmuir 333.33   
AC from rice straw 
(KOH activation+water 
washed) 
*** *** 
7-55/100 1304.8 
 
210/HPLC 
Langmuir 181.82 0.99 
[68]    Freundlich 100.72 0.97 
AKPA-22 
(Gryfskand, Poland)   10-120/NA 900.4  
Phenol cell 
test Langmuir 131.57  
[140]        Freundlich 97.49  
AC from Tianjin 
Guangfu fine chemical 
research institution   20-300/100 2535  275/UV Langmuir 137.0 0.999 [142] 
*PT maintained at this temperature for a prescribed time; **2% methanol in total concentration; All the experiments were carried out at ambient temperature between 20-30oC  
***carbonization at 280°C/2 hours then rise to 450°C/2 hours treated with 4M KOH for 30 minsactivation at 450°C/2 hours then rise to 850°C/3 hourswashed by distilled water 
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presumed that the affinity between the carbonized bamboo (at 1000oC) and the hydrophobic 
chemical that has a low solubility in water, such as BPA, was strong [138]. Nevertheless, the 
BPA adsorption by CAC reported by Asada et al. [138] is very low when compare to other 
research groups. However, another reason for this observed result could arrive from a very 
narrow micropore structure (ultramicropores) on this CAC and thus it might not be suitable 
for BPA capture. 
 
Bautista-Toledo et al. [118] mentioned that the inorganic content is disadvantageous for BPA 
adsorption due to the hydrophilic nature of the ash. Similar observation was also found in the 
studies between mineral adsorbents and CACs [65]. However, Liu et al. [141] mentioned that 
the high oxygen containing functional groups offer more of a disadvantage for BPA 
adsorption compared to the ash in ACs. The closer the surface charge density is to zero and/or 
the presence of electrolyte in the adsorption process gave a better BPA adsorption capacity 
[118]. Low temperature adsorption, studied between 30°C to 50°C, were of more benefit for 
BPA adsorption [68]. An adjustment of solution pH from 3-12 was found to have no effect on 
BPA adsorption when the pH was below 10 [140]. However, other research found that BPA 
adsorption capacity decreased with a rise in pH from 2.35 to 11 [68].  
 
1.5 SUMMARY 
 
It has been discussed that sludge is a significant waste and increasing quantities are being 
produced.  However, it is a resource and presents a opportunity, as indicated by this research, 
for developing new outlets for its reuse and application. It is currently managed relatively 
successfully, such as in  agriculture, but there is a need to diversify the outlets for sludge, 
increasing management security, and to raise the valorisation potential. Given that the 
material is rich in carbon and other elements, it has the potential to be converted into a 
reusable product. In this thesis, the conversion of sludge into AC by various production 
methods will be presented and the unique application of these adsorbent products in the 
removal of EDCs (BPA) will be studied. 
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2 RESEARCH AIMS, OBJECTIVES AND THESIS STRUCTURE 
 
2.1 RESEARCH AIMS 
 
The overall aims of this research project are firstly to comprehensively evaluate and establish 
efficient methods for the production of SBAs; and secondly, to identify a new application for 
SBAs, which, in this study, will be understanding the efficacy of SBAs in the adsorption of 
EDCs, which focuses mainly on the investigation into the adsorption of BPA by SBAs.  
 
2.2 RESEARCH OBJECTIVES AND THESIS LAYOUT 
 
The research objectives are as follows: 
 
 Investigate the thermal behaviour of different types and seasonal variations of sludge 
using different thermal conditions; 
 Study the gases released and reaction during the thermal treatment of different types of 
sludge using TG-MS; 
 Examine the chemical composition and surface chemistry of sludge; 
 Investigating the production of SBAs by carbonization, physical activation using steam, 
chemical activation by various kind of chemical reagents including: K2CO3, KOH, 
K3PO4, FeCl3, ZnCl2, MgCl2, CaCl2, H3PO4, KCl and HNO3. Among these chemical 
reagents, identify the optimum chemical reagents for SBA production and BPA 
adsorption; 
 Study the SBAs by physical and chemical characterization (nitrogen gas adsorption, ash 
content, elemental analysis, FTIR, XRD); 
 Study the SBAs with the adsorption performance of BPA and determination  of 
adsorption isotherms; 
 Evaluate the leaching of inorganic species that might restrict the use of SBAs; 
 Response Surface Methodology (RSM) was used to help investigating the SBAs 
properties from physical and chemical characterization and by BPA adsorption to 
identify the optimum production conditions. 
 
The research objectives are divided into different chapters, which cover the different areas of 
investigation. Materials and methods for the experiment are described in Chapter 3. Chapters 
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4-7 describe the different areas of SBAs investigation. General discussion and conclusions of 
the overall research investigation are described in Chapter 8 and 9, respectively; then future 
work is discussed in Chapter 10 with references and calculation methods in Chapter 11 and 
12, respectively. The research objectives for each chapter are described in detail at the 
beginning of each chapter. 
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3 MATERIALS AND METHODS 
 
3.1 MATERIALS 
 
3.1.1 Sewage sludge 
 
Different types of sludge were collected from different municipal WWTPs throughout 
Europe. The types, treatment methods and locations are shown in Table 3-1. The two main 
types of sludge, dewatered RAW (DRAW) and dewatered mesophilic anaerobically digested 
(DMAD) sludge, were used to study the seasonal variation of sludge and SBA productions. 
The DRAW sludge was dewatered by belt press and collected from the Little Marlow WWTP, 
Buckinghamshire, UK. The second type was DMAD sludge and was dewatered by centrifuge 
and collected from the Ashford WWTP, in Kent, UK.  
 
    
                                 (a)                                                             (b) 
Figure 3-1 Sludge after drying at 105-110oC a) DRAW sludge and b) DMAD sludge  
 
After collection, the sludge were dried at 105-110oC to constant weight, as shown in 
Figure_3-1. The texture of dry DRAW sludge was light and loose while the DMAD sludge 
was dense and heavy. The dried sludge was crushed to below 10 mm using a cross beater mill 
(Glen Creston, London, UK) and stored in air tight containers prior to further use, including 
sludge characterization, carbonization and steam activation of sludge. For chemical activation, 
after the sludge were collected, the wet sludge were directly impregnated with the chemical 
reagents and dried at 105-110oC; for further chemical activation detail see section 3.2.5.3. 
  
3.1.2 Chemical reagents 
The chemical compounds used in this research are shown in Table 3-2; these include BPA and 
10 chemical reagents (for chemical activation of the sludge). This Table provides information 
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Table 3-1 Type of sludge 
Type of sludge  Abbreviation  Location  Country  
Dewatered, RAW filter cake+  DRAW  Little Marlow WWTW, Buckinghamshire  UK  
Dewatered, Mesophilic Anaerobically Digested+  DMAD  Ashford WWTW, Kent  UK  
Dewatered Secondary Biological Sludge
#
 DSBS  Nantes  France  
digested*  KAN  Kalisz  Poland  
digested*, with lime  KAW  Kalisz  Poland  
Mesophilic Anaerobically Digested  GOS  Lodz  Poland  
+ These sludge probably also contained organic polymer coagulant, added to aid settling and separation 
#DSBS- residual from second
 
biological treatment stage with added organic polymer coagulant (resulted from secondary aerobic treatment) 
*KAN-comprises a mixture of primary sludge stabilized by anaerobic fermentation and excess sludge stabilised by aerobic digestion and KAW is produced by the liming of KAN 
 
 
Table 3-2 Chemical reagents and their physical properties 
Reagent 
MW 
(g/mol) 
Solubility in water 
 
Melting point 
(oC) 
Boiling point  
(oC) 
Purity 
(%) Company** 
BPA (C15H16O2) 228.29 - 158-159 220 at 5 hPa ≥ 99 Sigma-Aldrich 
K2CO3 138.21 1120 g/l at 20°C* 891 NA 99 Fisher 
KOH 56.10 1070 g/l at 15°C* 360 1320 86+ to 100 Fisher 
K3PO4.H2O 230.28 1057 g/l at20°C* 1340 NA 98 Fisher 
H3PO4 98.00 5480 g/l* 42 213 99 VWR 
FeCl3 162.21 920 g/l at 20
oC 300,decomposition 316 @1013 hPa 98 Fisher 
ZnCl2 136.28 432 g/l at 25°C* 293 732 @1013 hPa 98 Sigma-Aldrich 
CaCl2 110.99 745 g/l 20°C* 782 1600 @1013 hPa 99 Fisher 
MgCl2 95.22 542.5 g/l* 708 1412 98 VWR 
KCl 74.56 344 g/l* 773 sublimes at 1500 99 Fisher 
HNO3 63.01 infinitely soluble*  -42 86 69 Fisher 
**Material Safety Data Sheet for the chemical as supplied by the makers; *data from [143] 
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on the physical properties, including molecular structure, molecular weights, solubility, 
melting point, boiling point, purity and the supplier companies. 
 
3.1.3 Commercial activated carbons 
 
Three CACs were used to benchmark the SBAs. The characterization detail for each CAC 
was provided by the manufacturers, which are shown in Table 3-3.  
 
Table 3-3 Types of CAC 
 
 
3.2 EXPERIMENTAL METHODS 
 
3.2.1 Thermal analysis  
 
Thermogravimetry (TG) or thermal gravimetric analysis (TGA) is a technique in which the 
mass of the sample is monitored against time or temperature while the temperature of the 
sample, in a specified atmosphere, is varied. This test was carried out to study the thermal 
response of sludge samples after heating under an inert condition in nitrogen. The study 
enables us to determine the time for completion of carbonization of sludge.  
 
Thermogravimetric experiments were carried out using a Simultaneous Thermal Analyzer 
(STA 1500, Polymer Laboratories, TG/DSC). The samples were subjected to thermal analysis 
using approximately 15 mg of sample with a particle size less than 150 µm loaded into an 
alumina crucible. Another crucible was loaded with Al2O3 as a reference for Differential 
Scanning Calorimetry (DSC) measurement. The samples were then analysed under a nitrogen 
  Filtrasorb 400 Hydrodarco C Pulsorb Pax 
Raw material high grade bituminous coal lignite bituminous coal 
Production method NA physical (steam) NA 
BET SA (m
2
/g) 1050 600 700 
Phenol adsorption 
(g/100 g) NA 2.5 NA 
Iodine number 
(mg/g) 1050 550 700 
pH N/A alkaline 8-10 
Application 
Organics removal/total 
WWT WWT 
municipal and industrial effluent 
water treatment  
Apparent density 
(kg/m
3
) NA  510  NA 
Company Chemviron Norit Chemviron 
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flow of 50 ml/min up to the desired temperature (≈ 1100 oC). The thermal analyser is shown 
in Figure 3-2.  
 
         
                                   (a)                                                                      (b) 
Figure 3-2 Thermal analyser a) Polymer Laboratories STA 1500 thermal analyser and b) 
schematic diagram  
 
The derivative thermogravimetry (DTG) was determined automatically from the TG data 
using the software provided with the machine. The DTG profile also provides the rate of 
weight change steps in the TG curve.  
 
3.2.2 Thermal analysis-mass spectroscopy (TG-MS) 
 
Simultaneous TG-MS is a combined technique between thermal analysis and mass 
spectroscopy. The benefit of this combination is that it enables the mass spectra to be 
recorded, thus allowing nearly all kinds of volatiles to be monitored [144]. In this research, 
TG-MS was applied to sludge and to some of the chemically impregnated sludge samples for 
AC production. This process also took place to enable a prediction of the chemical reaction of 
the chemically impregnated samples.  
 
The Mettler-Toledo TGA/SDTA851 LF (temperature range, 20°C to 1100°C, sample mass up 
to 5000 mg) thermobalance was coupled with a Balzers ThermoStar Mass Spectrometer QMS 
200 and a special TG-MS conversion kit were used in these analyses. A gas supply system 
consisting of three calibrated mass flow meters (Brooks model 4850S) were used to control 
the feed gas flow rate and gas composition. The content of C, H, N, S and O in the samples, 
and for the samples at different stages of the treatment process, was determined using a CE 
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Instrument NA 2500 elemental analyser. These tests were performed by the Faculty of 
Process and Environmental Engineering, Technical University of Lodz, Poland [145].  
 
3.2.3 Ash content 
 
Ash content was determined following the ASTM test method 2866-94 [146]. A ceramic 
crucible was ignited in the muffle furnace at 650 ± 25oC for 1_hour. The crucible was then 
cooled in a desiccator and weighed to the nearest 0.1 mg. Sludge and SBAs were dried at 105-
110oC. The samples were then cooled in a desiccator and approximately 0.3 g to the nearest 
0.1 mg for each sample was weighed out and placed in a muffle furnace at 650 ± 25oC until a 
constant weight was achieved. The calculation of the ash content was achieved as follows; 
 
Total ash, % = [(D-B)/(C-B)] x 100                          Equation 3-1 
where;  
 
B = weight of crucible, g 
 C = weight of crucible plus original sample, g 
 D = weight of crucible plus ash sample, g 
 
3.2.4 Elemental composition determination 
 
This test was performed in order to determine the inorganic quantity in sludge. The sludge 
were digested using a simplified version of the U.S. Environmental Protection Agency 
method 3050 aqua regia procedure from SW846 [147]. The prepared solutions were 
subsequently analysed for a standard suite of 26 elements by Inductively Coupled Plasma 
Atomic Emission Spectroscopy (ICP-AES) using a simultaneous-sequential instrument 
(Model 3580B, ARL, Switzerland). For each metal content analysis, 3.5 g of dry sludge was 
weighed into a 125 ml beaker; 10 ml of HNO3 and 12 ml of HCl were added and heat applied 
with a gentle reflux for two hours; the acid solution was analysed by ICP-AES. Note that due 
to the breakdown of the ICP-AES unit, only each sample of DRAW and DMAD sludge gave 
the results in this test. 
 
3.2.5 SBAs production 
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The carbonization and activation of sludge samples were performed to produce SBAs (or 
ACs). The experiment set up for each SBA production was different for each process. The 
carbonization of sludge (Chapter 4) and the steam activation of sludge (Chapter_5) are 
described in sections 3.2.5.1 and 3.2.5.2, respectively. The chemical activation of sludge 
(Chapters_6_and_7) is described in section 3.2.5.3.   
 
3.2.5.1 Carbonization of sewage sludge  
 
       
                              (a)                                                                     (b) 
Figure 3-3 Carbolite 11/150 laboratory scale rotary furnace set up for carbonization and 
steam activation of sludge a) Carbolite 11/150 for carbonized sludge and b) schematic 
diagram* 
*steam activation may or may not be used, subject to the testing process 
 
Sludge was carbonized in a Carbolite 11/150 laboratory scale rotary furnace (Carbolite, Hope 
Valley, UK). As shown in Figure 3-3, the furnace consists of a kilogram capacity quartz 
reaction vessel (batch reactor) suspended by air-tight rotary fixtures inside an electrically 
heated box-furnace. The temperature can be controlled by a temperature programmer that is 
connected to a thermocouple situated inside the box furnace. Gas inlet ports allow the 
introduction of nitrogen gas into the reaction vessel at a controlled flow rate. The reaction 
vessel is connected to a glass trap, which serves as a receiver for the collection of oils. The 
glass trap was connected to a glass vessel where any other condensable products were 
recovered. Gases were vented to a fume cupboard. Ceramic wool was placed loosely at the 
right end of the glass reactor, which helped prevent some of the sludge and carbon dust from 
coming out.  
 
For each experiment, 210_g of dried sludge crushed to less than 10_mm, was loaded into the 
quartz reactor, at a rotation rate of 10_rpm. The quartz reactor was purged with a constant 
flow of nitrogen (500_ml/min) to maintain inert conditions and ensure rapid removal of 
pyrolytic vapours. Prior to starting the experiment, nitrogen was purged for approximately 
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20_minutes. The furnace was heated at the desired heating rate until it reached the required 
temperature (in the range of 25oC to 1000oC) and held for a chosen dwell time (0 to 120 
minutes). Following this, the furnace automatically cooled under the nitrogen flow. The char 
and oil yield were determined and the gas yield calculated by the difference from the original 
sludge mass.  
 
3.2.5.2 Steam activation of sewage sludge 
 
The experiment was set up for the steam activation of sludge as shown in Figure 3-3. When 
the target temperature was reached, steam activation experiments were performed by injecting 
water using the peristaltic pump at a flow rate of 0.7_ml/min; this flow rate provided excess 
water and thus it was not a limiting factor in the reaction. The water was directly delivered to 
the metal water delivery tube where it was heated and vaporized, for a desired activation 
period while the maximum temperature was maintained throughout the dwell time. Following 
this, the furnace automatically cooled down. The SBAs, oil, gas yield, % carbon burn-off and 
steam reaction rate were calculated and shown in Appendix V. Note that the Response 
Surface Methodology (RSM) was used to design the experimental set of activation 
temperatures and times, see section 3.3 and 3.3.2.1.  
 
3.2.5.3 Chemical activation of sewage sludge 
 
Wet sludge was impregnated with the chosen chemical activating agent (see section 3.1.2) 
using the mixing ratio of sludge and chemical reagent by dry mass ratio. The impregnation 
process was carried out using a kitchen blender until the chemical was well mixed with 
sludge. The impregnated samples were dried at 105-110oC until they reached a constant 
weight. The samples were crushed using a pestle and mortar and sieved to a particle size 
below 2 mm. The product was again dried overnight at 105-110oC. The cooled samples stored 
in airtight containers prior to the SBA production.  
 
For each chemical activation experiment, 30 g of impregnated crushed sample was loaded 
into an Alsint alumina combustion boat 160 mm x 40 x 21 mm (Haldenwanger, Germany), 
which resists chemical attack at high temperature. The boat was loaded into an Alsint alumina 
cylindrical tube reactor obtained from Multi-Lab (UK). Both ends of the reactor were closed 
by silicone rubber stoppers. A Carbolite CTF 12/65 horizontal tube furnace (Carbolite, Hope 
Valley, UK) was used to heat the tube. A thermocouple (Type N, from Roxspur measurement 
and control) was inserted through one of the stoppers to measure the temperature inside the 
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reactor, independently from the central system of the furnace.  The sketch of the experiment 
set up is illustrated in Figure 3-4. Nitrogen was purged at a flow rate of 500_ml/min. The 
furnace was heated until it reached the desired temperature and then isothermed for a chosen 
time. The furnace then cooled to room temperature and the sample was taken out and stored in 
an airtight container bottle prior to the product washing procedure and further 
characterization.  
 
    
                               (a)                                                            (b) 
Figure 3-4 Carbolite CTF 12/65 wire wound around horizontal tube furnace set up for 
chemical activation of sludge; a) Carbolite CTF 12/65 for chemically activated sludge and b) 
schematic diagram 
 
The discussion of the results by chemical activation of sludge is divided into two Chapters. 
The optimisation study by chemical activation of DMAD sludge using K2CO3 and the design 
of the set of experiments using RSM (Chapter 6) is presented in section 3.3.2.2. The 
experiments exploring various other chemical activation methods of sludge discussed in 
chapter 7 were undertaken using a fixed impregnation ratio of 1:1 by weight and an activation 
time of 60_minutes. 
 
3.2.6 Washing procedure of sludge based adsorbents 
 
Washing the carbonaceous adsorbent after chemical activation is one of the standard 
procedures for AC produced using the chemical activation method. This is to recover and/or 
remove the un-reacted chemicals and remove the ash content, which can block pores and 
obstruct the active site [21, 30]. Furthermore, the washing procedure can help modify the 
surface functional group of ACs to suit the targeting of the chemical pollutant, which is to be 
applied for adsorbing [148, 149]. Acids, such as HCl and HNO3 or alkali, such as NaOH and 
KOH and water can be used for the washing of SBAs depending on the reagents used for 
chemical activation. As an example of AC produced from a chemical activation method for 
ZnCl2 activation, HCl is normally used in the washing process and then followed by water in 
the final step. In contrast, for KOH activation, water washing is sufficiently efficient to 
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remove the remaining chemical activating reagent. It should be noted that HCl tends to be the 
favourite chemical for washing carbonaceous adsorbent surfaces. This is due to the fact that 
other acids or alkalis can act as oxidizing agents, which may increase the leaching of 
inorganic content after the washing process and during the further use of carbonaceous 
adsorbents. 
 
To achieve washing, 5 g each of chemically activated sludge was placed in a Pyrex 
Erlenmeyer flask with 100 ml of 5M_HCl or H2O with a loosened glass stopper on top. The 
mixture was brought to the boil for one hour. Then, the mixture was filtered using a Buchner 
flask, funnel and Whatman filter paper No.1. Hot water and cold water was then poured over 
it with approximately 4 litres being used until the pH of the filtrate remained constant. The 
product was then dried overnight at 105-110oC. The dried SBA was crushed and sieved to 
below 150 μm and kept in an airtight container for further characterization.  
 
3.2.7 Gas adsorption analysis 
 
A Coulter Omnisorp-100 Series instrument was used to carry out the gaseous adsorption 
analysis on the SBAs and sludge samples. The Coulter Omnisorp analyser is shown in Figure 
3-5.  
 
 
                            (a)                                                                      (b) 
Figure 3-5 Coulter Omnisorp nitrogen gas adsorption analyser a) Omnisorp 100 and b) 
schematic diagram [52] 
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The operation of the Coulter Omnisorp is based on the exposure of the samples to nitrogen 
gas by a continuous volumetric method whilst the sample is immersed in liquid nitrogen. A 
mass flow controller allows the nitrogen gas to flow continuously and directly to the sample at 
such a slow rate, which is typically 0.3 ml/minute, that it may be assumed that equilibrium 
conditions exist between the adsorbate and adsorptive. In this way, the gas adsorption and 
desorption isotherms are both obtained since the gas flow rate is continuously monitored by 
the instrument with time. An automatic calculation of the results using BET, t-plot, Horvath-
Kawazoe and mesopore size distribution, based on BJH methods, was derived by the 
instrument’s software. The selected range of these automatic calculations and a full 
explanation regarding these calculation methods are given in Appendix III. 
 
Table 3-4 Sample mass and degas temperature used on the samples for nitrogen gas 
adsorption measurement 
 
* Lower temperature is required in order to minimize the risk of vacuum pyrolysis decomposition of the sample during 
degassing. 
** Higher temperature use to ensure a vacuum below 10-5 torr was achieved. This was needed due to the loss of remaining 
chemical species present within the samples. 
 
0.1-0.25 g of ground sample was degassed under heating to a vacuum of 1x10-6 torr, which 
typically required 7-8 hours. Table 3-4 represents the sample mass and the degas conditions 
required for each adsorbent and raw material samples. The degas step was carried out in order 
to remove any physisorbed material. After this, the evacuated sample tube was cooled to room 
temperature and transferred to the liquid nitrogen chamber for the analysis routine and 
measuring the nitrogen gas adsorption-desorption. After the measurement was finished, the 
sample tube was taken out, warmed to room temperature and weighed again. The weight 
difference between this mass and the empty sample tube was then entered into the computer 
system for the mathematical software to calculate the sample characteristics. 
 
3.2.8 Elemental analysis 
 
CHN and CHNS analyses were performed in order to evaluate the carbon, hydrogen, nitrogen 
and sulphur content of the sample. CHN analysis was carried out using a Carlo-Erba EA1108-
Type of sample Sample mass (g) Degas temperature (
o
C) 
sludge 0.25   105* 
carbonized sludge (temperature < 600
o
C) 0.25   105* 
carbonized sludge (temperature > 600
o
C) 0.25 150 
physically activated sludge 0.25 150 
chemically activated sludge 0.11      250** 
CAC 0.25 and 0.11 150 and 250 
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CHNS analyser by MEDAC LTD (UK). A few samples were subjected to CHNS analysis, 
which was carried out by project partner in France. 
  
3.2.9 Surface pH 
 
The surface pH of the SBAs was tested to identify the alkalinity or acidity of the SBAs. 
Surface pH was determined by placing 0.4 g of SBA with 20 ml of RO water in a 50_ml 
Erlenmeyer flask with plastic screw cap. The mixtures were shaken for 24 hours and filtered 
using Whatman No.1 filter paper. The filtrates were subjected to the pH measurement using a 
pH meter (Fisher brand Hydrus 500), which was calibrated using a new pH buffer of 4, 7 and 
10 prior to the use of each data set in the experiment.  
 
Note that this surface pH procedure had been used before by several researchers [150-152]. 
The surface pH measurement was only applied to carbonized and steam activated sludge, not 
chemically activated sludge. This was because the chemical activation process was carried out 
in a smaller reactor and thus the SBA yields were very small. However, the surface pH may 
be inferred through the final filtrate after BPA adsorption. 
 
3.2.10 BPA adsorption tests 
 
BPA adsorption tests were carried out to determine the capability of the SBAs to adsorb this 
target EDC. As mentioned in Table 1-9, some researchers have carried out experimental tests 
on the adsorption of BPA onto ACs. Several different UV spectrum peaks have been used for 
detecting the BPA absorbance, which varies between 221 & 280_nm. Therefore, prior to 
performing the BPA adsorption kinetics and isotherm tests, the spectrum of UV-VIS was 
measured to identify the UV-VIS activity of the compound and to identify the λmax that was 
most suitable for detecting BPA. After this, BPA adsorption kinetics were performed and 
followed by the determination of adsorption isotherms for the SBAs, which were performed 
according to the ASTM test method [54].  
 
3.2.10.1 Ultraviolet-Visible spectroscopy (UV-VIS) and Spectrum test of BPA 
 
A Shimadzu UV2401 pc spectrophotometer was used in this analysis. A matched pair of 100-
QS cuvettes, made from Quartz SUPRASIL with a path length of 10 mm were obtained from 
Hellma. This UV-VIS spectroscopy allowed the auto calibration between the absorbance and 
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sample concentration, following the equation of the Beer-Lambert law, as shown in Equation 
3-2.  
 
     𝑨 = ɛ𝒃𝒄                                                   Equation 3-2 
 
where; 
 
A is the absorbance  
ε is the molar absorptivity or extinction coefficient (L mol-1 cm-1) 
b is the path length of the cuvette in which the sample is contained (cm)  
c is the concentration of the compound in solution (mol L-1). 
  
For the BPA spectrum tests, different BPA concentration solutions were prepared from 6 to 
120 mg/l and each solution was subjected to a wavelength scan over 190-300nm, as shown in 
Figure 3-6.  
 
 
Figure 3-6 Absorbance spectrum of BPA (concentration from 6, 18, 30, 54, 78, 102 and 120 
mg/l) 
 
The activity of BPA changes following an increase in the alkalinity of the solution. Therefore, 
for these reasons the effect of pH on BPA activity needed to be established. To achieve this, 
two BPA solutions were prepared at concentrations of 6 mg/l and 120 mg/l and the absorption 
photometrics were performed over different pH scales. The pH of each solution was adjusted 
using concentrated NaOH or HCl. The variation of the absorbance values of BPA at the two 
54 mg/l 
120 mg/l 
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λmax values (224 and 275nm, observed in Figure 3-6) over the pH range studied are shown in 
Table 3-5.  Although both peaks were detected for each concentration, above 54mg/l the 
224nm absorbance was obscured and only the 275nm absorbance provided a well-defined 
peak (see Figure 3-6). Thus the peak detection was only carried out at this wavelength for 
determining BPA adsorption kinetics and isotherm.  
 
Table 3-5 BPA absorbency at λ = 224 and 275 nm at different pH values 
 
* pH of solution after preparation (no pH adjustment)  
 
 
 
 
Figure 3-7 Calibration graph of BPA absorbance at the UV wavelength of 275 nm  
 
Concentration at 6 mg/l Concentration at 120 mg/l 
pH Absorbance 224 nm Absorbance 275 nm pH Absorbance 275 nm 
2 5.799 0.082 2.7 1.673 
2.4 5.789 0.082 3.3 1.673 
3 5.809 0.082 3.9 1.685 
3.9 5.82 0.082 4.0 1.682 
 5.3* 5.848 0.083  4.4* 1.677 
6.3 5.695 0.081 6.1 1.678 
8.3 5.667 0.080 8.1 1.675 
8.4 5.696 0.081 8.6 1.673 
8.7 5.803 0.082 8.9 1.676 
10.3 5.397 0.077 9.1 1.661 
10.4 5.398 0.077 9.7 1.625 
10.7 5.01 0.071 10.0 1.594 
10.8 4.964 0.071 11.0 1.426 
12 4.825 0.069 11.6 1.372 
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As can be seen in Table 3-5 the BPA absorbance values for both solution concentrations are 
consistent up to approximately pH 9.0 Consequently, the analyses of the BPA solution after 
contact with SBAs, need to be undertaken below ≈ pH 8.9. The pKa value of BPA obtained 
from this experiment is near the literature values which are between pH 9.59 and 11.30 at 
25oC [90].  
 
Based on both BPA spectra tests and pH adjustment results, the calibration for the BPA UV 
absorbance was performed at 275 nm. The data in Figure 3-7 shows that BPA obeys the Beer-
Lambert law up to the concentration of 120 mg/l, giving a very good R2 of 0.99999.  
 
3.2.10.2 Adsorption kinetics of BPA 
 
The study of the adsorption kinetics of BPA onto SBAs was performed to determine the 
adsorption equilibrium time. A few representative samples from carbonized steam activated 
and chemically activated sludge were used as test samples to determine the BPA adsorption 
kinetics. For each adsorption kinetics experiment, SBA was crushed and sieved to below 150 
μm and then dried at 150oC for at least three hours. For each SBA, 5 mg ± 0.1 mg (for 
chemically activated sludge) or 20 _mg ± 0.1 mg (for physically activated sludge) of 
adsorbent was weighed into 125 ml screw cap glass bottle with Teflon liners. Then, 100 ml of 
100 mg/l BPA solution was dispensed into the bottle using a zippette bottle-top dispenser 
(Jencons Scientific Ltd., UK). The mixtures were shaken using end-to-end rotation with a 
speed of approximately 45 rpm. After the desired contact time was achieved, three of the 
sample bottles were taken off and each were filtered through a Whatman WCN 25mm 
diameter, 0.45 μm membrane filter. The filtrates were then analysed using the UV 2401pc and 
the calibration curve used to determine the residual BPA concentration, as shown in Figure 3-
7. The filtrate pH was measured to confirm that they were not exceeding the pKa limit. 
 
3.2.10.3 Adsorption isotherms of BPA 
 
To produce an adsorption isotherm for each SBA, six sample bottles were prepared. For each 
experiment, 20_mg (for carbonized and steam activated sludge) or 5_mg (for chemically 
activated sludge) was used with 100 ml of BPA solution at various concentrations from 12 to 
120 mg/l. The sample bottles were then shaken using end-to-end rotation as described above, 
for 24 hours, which was the optimized equilibrium time obtained from kinetics tests. The 
sample bottles were treated using the same procedure that had been performed in the kinetics 
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tests in section 3.2.10.2. For each SBA, Freundlich, Langmuir and Temkin adsorption models 
were used to fit each set of data obtained. Three of the CACs (shown in Table 3-3) were also 
used to determine the BPA adsorption isotherms. An example of the calculation method is 
provided in Appendix IV.  
 
3.2.11 Fourier Transform Infrared Spectroscopy (FTIR) 
 
This experiment was performed to identify types of chemical bonds or SFGs of analysed 
samples [153]. The main reason for using FTIR in this research project is to see the 
differences between the surface chemistries of different types of sludge and SBAs. For the 
characterization of each carbonized and steam activated sludge by FTIR, a dried sample, 
ground below 150 µm, was mixed and crushed with KBr using an agate pestle and mortar at a 
ratio of approximately 1:100 (w/w). A solid disc with a diameter of 1 cm and a thickness of 
approximately 1 mm was formed by pressing the mixed sample at 10 metric tonnes of 
pressure for a period of 10 minutes with a pneumatic die press (Specac). The solid disc was 
then analysed in a MAGNA IR 560 (Nicolet). Measurements were performed in the 4000-600 
cm-1 region. The resolution was set to 4_cm-1. Prior to analysis, a background measurement 
was taken and then the sample spectrum was automatically corrected for the background IR 
measurements using the FTIR software. The FTIR of WW and AW SBAs were analysed 
using the procedures as described earlier but using the sample:KBr mixing ratio of 1:500 
(w/w). 
 
3.2.12 X-ray diffraction analysis (XRD)  
 
XRD was performed to identify the chemical compounds contained within the target samples. 
The XRD tests were carried out by the Department of Mineralogy, Natural History Museum, 
SW7 5BD, London. For each sample characterization, the sample was dried and crushed to < 
150_µm then analysed on a Philips PW1830 diffractometer system using CuKα radiation, 
fitted with a PW1820 goniometer and a graphite monochromator. X-ray diffraction data were 
collected by step size 0.02, range two theta 2.5-70 degrees with a two seconds count time per 
step. Hiltonbrooks controlling and output to Traces software was used.  
 
3.2.13 Leaching tests 
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The sample leaching tests were performed to identify whether there was any chemical 
leaching in to the water during its use and to ascertain if the leaching will fall within the 
effluent guideline limit. Due to unavailability of ICP-AES machine as mention earlier, only 
steam activated sludge samples were send out for leaching test analysis at Chemviron Carbon 
Limited, Lockett Road, Ashton-in-Makerfield, Lancashire WN4 8DE, UK. The leaching tests 
were performed in both water and 3_% HCl solution. For each of these leaching tests, 1 g of 
SBA in water or 5 g of SBA in 3% HCl solution was stirred for 24 hours at ambient 
temperature. The filtrate was analysed using ICP-AES for a suite of metals including Al, Ca, 
Cd, Cu, Fe, Pb, As and Si. Some of SBAs in this research work were sent out for further study 
in a catalytic wet air oxidation study of phenol [43] and hybrid water treatment process based 
on adsorption and catalytic wet air oxidation [154]. Thus, the metal leachate obtained from 
the filtrate after wet air oxidation of phenol and acid leachate from the acid lixiviation 
(HCl:HNO3 = 3:1 v/v) were also studied and reported.  
 
3.2.14 Calorific value analysis 
 
 
(a)                                                  (b) 
Figure 3-8 Calorific value analysis apparatus; a) 6100 calorimeter open with 1108 bomb and 
bucket and b) sample preparation inside 1108 bomb 
 
Calorific value analysis of sludge was performed in order to evaluate the heating power of 
sludge. The calorific value was measured using a Parr 6100 oxygen bomb calorimeter. The 
apparatus are shown in Figure 3-8 [155]. For each sample characterized, around 0.5±0.001_g 
of dried and crushed sludge sample < 150_µm was combusted. The sludge in the combustion 
capsule was burnt with the heat evolution, which raised the water temperature of the system. 
The initial and final temperatures were recorded together with the correction of the known 
Combustion capsule 
Fuse wire 
Electrode 
2000±0.5 g 
RO water 
Put 1 ml of 
RO water 
into bomb 
cylinder 
Screw cap 
Bomb head 
Thermocouple  
Stirrer 
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sample mass which thus enabled calculation of the Gross heat value, which was automatically 
calculated and reported directly by 6100 calorimeter in the unit of MJ/kg. 
 
3.3 EXPERIMENT DESIGN METHODS 
 
For the physical activation using steam and chemical activation using K2CO3 discussed in 
Chapters 5 and 6 respectively, the experimental design method called Response Surface 
Methodology (RSM) was employed configure the experiments. Utilising this technique means 
that far fewer experiments are required to optimize the production conditions. The RSM 
models have been used elsewhere to optimize AC production experiments [156-159]. 
 
3.3.1 Response Surface Methodology (RSM) 
 
 
Figure 3-9 Response surface; (a) a mesh plot or a theoretical response surface showing the 
response of Yield with the relationship to the process variables reaction time (ξ1) and reaction 
temperature (ξ2) and (b) a contour plot of a theoretical response surface [160] 
 
RSM is a collection of mathematical and statistical techniques useful for developing, 
improving and optimizing a process; they have important applications for the design, 
development and formulation of new products and also for the improvement of existing 
product designs [160]. In order to optimize the production condition in this research, the RSM 
was used to design the set of experiments carried out for physical and chemical activation 
processes, such as activation time, activation temperature and chemical impregnated ratio, 
which are called “independent or input variables”. The experiment results or the quality 
characteristics, such as SBAs yield, BET SA, BPA adsorption capacity, which are called 
“response” were plotted against the independent variables. Thus, with this aid in the design, 
fewer-than-normal experiments were required to optimize production conditions. Examples of 
response surfaces are shown in Figure 3-9. From this Figure, the highest point on the graph 
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indicates the maximum yield, which helps to ascertain the optimum reaction time and 
temperature that is required to maximise the production yield.  
 
3.3.2 RSM designs 
 
RSM can be designed using different methods depending on the number of independent 
variables required for the optimization processes. In this research, two factorial designs were 
used for steam activation (Chapter 5) and three factorial designs were used for chemical 
activation by K2CO3 (Chapter 6) of sludge.  
 
3.3.2.1 Two level factorial design with two factors (22 design) 
 
For Chapter 5 (steam activation of sludge) a Box-Wilson central composite design (CCD), 
was used to design a two level factorial design with activation temperature and activation time 
as factors. The CCD is widely used for fitting a second-order response surface [160, 161]. The 
design consists of four runs at the corners of a square, plus four runs at the centre of this 
square plus four axial runs (star points). In terms of the coded variables (Xij), the corners of 
the square are at (X1, X2) of (-1, -1), (1, -1), (-1,1), (1, 1); the centre points are at (X1,X2) = 
(0,0); and the axial runs (star points) are at (X1, X2) of (-1.414,0), (1.414,0), (0, -1.414), 
(0,1.414), as shown in Figure 3-10 [160].  
 
 
Figure 3-10 Design points for central composite design of 22  
 
In order to use this design to create the set of experiments, the design coded variables were 
converted to the experiment data point using Equation 3-3 and from this calculation, the 
conversion of the design code of activation temperature and activation time was undertaken, 
as shown in Equation 3-4 and 3-5, respectively [156]. The mid-points of the experiment ( 0jU ) 
of activation temperature and activation time were set at 825oC and 60 minutes and the ∆Uj 
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were at 75oC and 40 minutes, respectively. The changes in the coded variable to the natural 
value of the experiment set are shown in Table 3-6. 
 
j
jij
ij
U
UU
X



0
                                          Equation 3-3 
where;  
Xij value of coded variable j in experiment i 
Uij value of natural variable j in experiment i 
0
jU  value of natural variable j in the centre of the domain of interest; Xj = 0 
∆Uj variation of the natural variable j corresponding to a variation of the coded variable j 
equal to +1.  
 
75
8251
1
CU
X
o
                                           Equation 3-4 
 
 
40
min602
2


U
X                                          Equation 3-5 
where;  
X1 is the coded variable of activation temperature 
X2 is the coded variable of activation time 
U1 is the natural value of activation temperature 
U2 is the natural value of activation time. 
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Table 3-6 Central composite design of 22 for steam activation of sludge  
 
 
After experiments were carried out following the condition of the coded set, experiment 
responses, such as SBA yield, SA, PV etc., from run 1-12 were fitted to the second-order 
polynomial or quadratic equation; Equation 3-6, is in the relationship of the matrix where the 
coded set existed in order to predict the response of the overall experiments. The response 
equation can be represented in another form shown in Equation 3-7, if the natural value of the 
temperature and time were substituted into the equation instead of the coded value. 
 
2
222
2
111211222110 XaXaXXaXaXaaYj            Equation 3-6 
 
 
  
2
222
2
111211222110 UbUbUUbUbUbbYj              Equation 3-7 
where;  
a0 and b0 are the intercept term  
a1 and b1 are the influence of the activation temperature 
a2 and b2 are the influence of the activation time 
a12 and b12 are the interaction effect between the activation temperature and activation time 
a11, a22, b11 and b22 are the curve shape parameters. 
 
Run No 
Coded 
variable** Experiment natural value 
  X1 X2 Temperature (
o
C), U1 Time (minutes), U2 
1 -1 -1 750 20 
2 1 -1 900 20 
 3 -1 1 750 100 
4 1 1 900 100 
5 0 0 825 60 
6 0 0 825 60 
7 2  0 719 60 
8 2  0 931 60 
9 0 2  825 3 
10 0 2  825 117 
11 0 0 825 60 
12 0 0 825 60 
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The response surface results and values of these constants (a and b) were determined for the 
dependent variable by means of an algorithm written in MatLab (R2011a), where the given 
responses of each particular response variable, at different activation temperatures and 
activation times, were tested and evaluated through an iterative process so that the value for 
the constants would produce an equation for a graph that best fitted the experiment data. An 
example and explanation of the surface response calculations with the 22 CCD are shown in 
Appendix I. 
 
3.3.2.2  Three level factorial design for three factors (33 design) 
 
For Chapter 6 (chemical activation of sludge using K2CO3), a Box and Behnken design 
(BBD) was used to design a set of experiments of a three level factorial design with activation 
temperature, activation time and impregnated ratio as factors. This design is a family of 
efficient three-level designs for fitting second-order response surfaces. The design requires 
fewer experiment runs compared to the CCD and its construction is based on the assembly of 
balanced, incomplete block designs. The designs consist of a necessary 13 runs plus a 
replication of the centre run; the coded variable of BBD of 33 design are shown in Figure 3-11 
and Table 3-7 [160].  
 
 
Figure 3-11 Design points for Box-Behnken Design (BBD) of 33 
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Table 3-7 Box-Behnken Design (BBD) of 33 for chemically activated sludge with K2CO3 
 
 
To convert these coded variables into the natural values from the experiment, Equation 3-3 
was used with the mid-point of the experiment ( 0
jU ) of activation temperature, activation 
time and impregnated ratio were being set at 750oC, 120 minutes and a 1:2 ratio by weight; 
and ∆Uj were at 150oC, 100 minutes and 1.5 ratio by weight, respectively.  
After experiments were carried out following the coded set conditions, experiment responses, 
such as SBAs yield, SA, PV etc. from run 1-16 were fitted to the quadratic equation (Equation 
3-8), which was in the relationship of the matrix where the coded set was placed in order to 
predict the response of all the experiments. Similar to the CCD design in Equation 3-7, the 
response equation can be represented in another form (as shown in Equation 3-9) if the natural 
value of activation temperature, activation time and impregnated ratio are substituted into the 
equation instead of the coded value. The values of the constants (a and b) in the equation and 
surface response results were determined for the dependent variable by means of an algorithm 
written in MatLab (R2011a). An example and explanation of the surface response calculation 
with the 33 BBD are shown in Appendix II. 
 
Run 
  
 Coded variable  Experiment natural value 
X1 X2 X3 
Temperature 
(
o
C), 
U1 
Time 
(min), 
U2 
Impregnate ratio 
(Sludge:K2CO3)*, 
U3 
1 -1 -1 0 600 20 1:2 
2 1 -1 0 900 20 1:2 
3 -1 1 0 600 220 1:2 
4 1 1 0 900 220 1:2 
5 -1 0 -1 600 120 1:0.5 
6 1 0 -1 900 120 1:0.5 
7 -1 0 1 600 120 1:3.5 
8 1 0 1 900 120 1:3.5 
9 0 -1 -1 750 20 1:0.5 
10 0 1 -1 750 220 1:0.5 
11 0 -1 1 750 20 1:3.5 
12 0 1 1 750 220 1:3.5 
13 0 0 0 750 120 1:2 
14 0 0 0 750 120 1:2 
15 0 0 0 750 120 1:2 
16 0 0 0 750 120 1:2 
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2
333
2
222
2
1113223
311321123322110
XaXaXaXXa
XXaXXaXaXaXaaY j


           Equation 3-8  
 
2
333
2
222
2
1113223
311321123322110
UbUbUbUUb
UUbUUbUbUbUbbY j


                Equation 3-9 
 
where; 
X1 is the coded variable of activation temperature 
X2 is the coded variable of activation time 
X3 is the coded variable of impregnated ratio  
U1 is the natural value of activation temperature 
U2 is the natural value of activation time 
U3 is the natural value of impregnated ratio 
a0 and b0 are intercept terms 
a1 and b1 are the influences of the activation temperature 
a2 and b2 are the influences of the activation time 
a3 and b3 are the influences of the impregnated ratio 
a12 and b12 are the interaction effects between the activation temperature and activation time 
a13 and b13 are the interaction effects between the activation temperature and impregnated 
ratio 
a23 and b23 are the interaction effects between the activation time and chemical activation ratio 
a11, a22, a33, b11, b22 and b33 are curve shape parameters. 
 
3.3.2.3 Statistical analysis 
 
The Student’s t-test was used to conduct tests on the individual variables in the model 
(coefficient estimation), where a Prob>│t│ lower than 0.05 indicates that the variable is 
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significant to the model while a value greater than 0.1 indicates that the variable is not 
significant [162]. Analysis of variance (ANOVA) was performed to test the significance of fit 
of the second order polynomial equation of the models to the experimental data. F-values 
obtained from the regression (model) greater than F-critical value and also Prob>F less than 
0.05 all indicate that the model is significant at a 5_% significance level. If the test F-value is 
below the F-critical value and Prob>F was also greater than 0.05, the second order 
polynomial equation was reduced to a linear or interaction (2FI) model to fit the experimental 
data, with the choice of model depending on the significant terms obtained from the t-test of 
the individual variables. The coefficient of determination (R2) was also calculated to evaluate 
the goodness of fit between the experimental data and the response predicted by the model 
equation. If a low R2 value was observed (R2 < 0.8), a lack of fit test was designed to evaluate 
whether the selected model is adequate to describe the experimental data or whether another 
model should be used [163]. The correlation coefficient (R) of each set of experimental 
response results was also determined to find the relationship between each pair of result sets. 
An R value close to 1 or -1 indicates highly positive correlation or highly negative correlation, 
respectively. R values above 0.8 or below -0.8 were used to indicate strong correlations 
between sets of results. The tests were calculated using functions and code written in 
MATLAB.  
 
Note that the F-critical value, as designed by the code for K2CO3 activation in section 3.3.2.2, 
to fit the quadratic (F0.05,9,6), linear (F0.05,3,12) and interaction (F0.05,6,9) models are 4.10, 3.49 
and 3.37, respectively. The F-critical value, as designed by the code for steam activation in 
section 3.2.2.1, to fit the quadratic (F0.05,5,5), linear (F0.05,2,8) and interaction (F0.05,3,7) model 
are 5.05, 4.46 and 4.35, respectively [162]. 
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4 CHARACTERIZATION AND CARBONIZATION OF SEWAGE 
SLUDGE  
 
4.1 INTRODUCTION 
  
Carbonization (slow pyrolysis) is the simplest and most economical method for producing 
SBAs and it is beneficial because most of the inorganic components are retained in the carbon 
matrix. The carbonization of sludge has been reported by several researchers with different 
aims for its application as an adsorbent and/or fuel [1, 2, 164]. The carbonization of sludge is 
usually carried out between 600 and 1000°C and usually under nitrogen gas. The highest 
reported BET and micropore volume of 359_m2/g and 0.153_ml/g respectively, were obtained 
from carbonization of municipal sludge at 900°C [165]. For char application, various 
adsorption applications have been tested, such as removal of H2S, metal ions (Cu
2+, Na+, 
Mg2+, Hg2+), dye (methylene blue, acid yellow 49, alkaline black, indigo carmine, acid red 18, 
basic violet 4, erythosine, acid red 1), phenol and benzoic acid. Among these, the uptake of 
H2S and Cu
2+ were reported to be very successful. The uptake of Cu2+ by char was up to 277 
mg/g despite its low SA. The high adsorption of Cu2+ was attributed to an ion exchange 
mechanism with Ca2+ [151, 166] and also by the cation exchange involving Zn and Mg 
retained in a crystalline aluminosilicate structure [151, 166]. The successful uptake of H2S 
was also attributed to catalytic activity from the calcium, and some (copper, zinc and iron) 
metal-based minerals [167]. Further details regarding the sludge chars and their applications 
are reported in the literature review by Smith et al. [2].  
 
In this chapter, the investigations are divided into three main parts. Firstly, every sludge 
sample was characterised to identify the differences in the physical and chemical composition 
between type, source and collection time, which may influence the properties of resulting 
chars. The characterisation of each sludge included using CHNS, thermal analysis, ash 
content and TG-MS. The second part reports the SBAs production, derived from DRAW and 
DMAD sludge, by carbonization over various temperatures, heating rates and times. The third 
part reports the char application for the removal of BPA from wastewater.  
 
4.2 RESULTS I: CHARACTERIZATION OF SEWAGE SLDUGE WITH 
SEASONAL AND NATIONAL VARIATIONS 
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4.2.1 Physical characterization of sewage sludge  
 
The properties of the sludge collected from different locations are shown in Table 4-1. The 
moisture content of collected DRAW and DMAD sludge were approximately 70-80%. This 
value may vary slightly depending on the collection time after leaving the dewatering 
processes and the time of year. Also, the average ambient temperature of each month might 
also affect the moisture content in the sludge, as the dehydration of sludge would be faster 
under warm weather condition. Comparing the CHNS with the ash content of DRAW and 
DMAD sludge, it can be seen that the average C content of DRAW sludge is higher than the 
DMAD by approximately 10_% while the ash content of the DRAW sludge were 10_% lower 
than the DMAD sludge. Similarly the S content of DRAW sludge were also lower than in 
DMAD sludge. This difference could be due to the fact that the organic matter in DMAD 
sludge had already been subjected to anaerobic digestion and this would result in the lower C 
content and higher ash content.  
 
Table 4-1 Properties of sewage sludge 
 
*CHN was analyzed by Medac Ltd, CHNS was analyzed by Ecole des Mines de Nantes, France [168]  
#average temperature of the sampling months obtained from UK MetOffice 
 
With regard to the different collection time of DRAW and DMAD sludge, the CHN and the 
ash content of the same sludge types are very similar, except for DRAW2, DMAD2 and 
DMAD6. DRAW2 and DMAD2 present a slightly lower carbon content and DRAW2 a 
Type of 
sludge  
Collection 
time 
Average 
Temp
#
 
Moisture 
content  
(%) 
CHNS (%) 
Ash 
content  
(%)  
Heating 
values 
(°C) C H N S (kJ/kg) 
DRAW1 Apr-2006 7.4 83.3 N/A N/A N/A N/A N/A N/A 
DRAW2* Jun-2006 14.5 76.7 38.3 5.1 3.9 0.5 24.4 16309 
DRAW3 Feb-2007 5.2 N/A 41.0 5.6 4.3 NA 20.4 17700 
DRAW3* Feb-2007 5.2 N/A 40.6 5.7 4.4 0.0 20.4 17700 
DRAW4 Nov-2007 6.9 75.0 41.1 5.0 3.6 N/A  19.5 17342 
DMAD1 Apr-2006 7.4 69.7 N/A N/A N/A N/A N/A N/A 
DMAD2* Jul-2006 17.8 68.8 29.7 4.3 3.7 1.3 40.4 13599 
DMAD3 Nov-2006 7.2 71.3 N/A N/A N/A N/A 40.1 13657 
DMAD4 Mar-2007 6.3 72.8 32.1 4.6 3.5 N/A 39.6 13199 
DMAD5* Apr-2007 10.2 72.4 30.7 4.4 4.0 1.1 39.5 11419 
DMAD6 Nov-2007 6.9 77.8 34.6 4.4 3.7 N/A 35.4 15131 
DSBS1* NA N/A N/A 41.2 6.0 7.5 0.8 17.4 N/A 
DSBS2 NA N/A N/A 40.3 5.3 6.6 N/A 23.6 19386 
KAN NA N/A N/A 33.7 4.5 3.9  N/A  37.3 N/A 
KAW NA N/A N/A 24.7 3.7 2.4  N/A 48.6 N/A 
GOS NA N/A N/A 33.8 4.6 3.9  N/A 38.4 N/A 
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higher ash content than the others. These two sludge were collected in June and July 2006, 
respectively, when the ambient temperatures are quite high compared to the other collection 
months and thus this could have caused a slight acceleration of the digestion and 
decomposition of the sludge. Focusing on the DMAD sludge at different collection times, the 
carbon and ash contents of DMAD6 are approximately 2-5_% higher and 5_% lower, 
respectively, when compared to other DMAD sludge. This might be due to a different sludge 
composition and possibly from the low ambient temperature for that month. The percentage 
deviation for the carbon and ash content results are ± 5.0 and ± 3.7 for DMAD sludge and ± 
2.8 and ± 9.2 for DRAW sludge, respectively. The variations of carbon content in the sludge 
are in the range previously reported for municipal sludge obtained from previous researches 
[169] and [170], indicating the percentage of variation of ± 2.8 and ± 10, respectively. 
 
Based on the above results, it can be concluded that similar sludge treatment methods yield a 
broadly similar carbon and ash content. DMAD, KAN and GOS sludge are all subjected to 
anaerobic digestion and all yielded carbon and ash contents of approximately 30-35_% and 
35-40_%, respectively. As expected, KAW yields a far lower carbon and higher ash content 
than these three sludge as the result of the lime added into it. On the other hand, DRAW and 
DSBS yield the highest carbon and lowest ash content among the other sludge of 
approximately 40_% and 20_%, respectively. This was an expected result for DRAW sludge 
as it was undigested sludge. In the case of DSBS sludge, this result could be caused by the 
polymer coagulant added to it during production which increases the organic fraction to the 
sludge. This result also implies that DRAW and DSBS sludge could be best as SBA feedstock 
enabling a higher SA and PV than other sludge if produced by physical and chemical 
activation. 
 
The heating value of dried DRAW and DMAD sludge are between 16.3-17.7 MJ/kg and 11.4-
15.1 MJ/kg, respectively. The heating values of the two sludge predominantly mirror the trend 
of the organic composition within the sludge. The heating value of DSBS sludge is 19.3 
MJ/kg, which is higher than the values of the DRAW sludge even though both of the sludge 
present a similar organic and inorganic content. This variation might be caused by differences 
in the structure of the sludge organic matter (higher C/H ratio). Also, the difference in 
composition and fraction of ash could affect the heating values. The percent deviation 
between the heating values of DMAD and DRAW sludge from different collection time are ± 
6.5 and ± 3.1, respectively. The general result implies that DSBS sludge would be the most 
efficient sludge as a fuel [171]. 
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The CHN, ash content and heating value of the sludge presented in this study are similar to 
other sludge passed through the same sludge treatment method collected from municipal 
WWTP in Europe [171-174]. However, these results seem to be unlike other sludge collected 
from outside Europe. The carbon content and heating values seem to be  lower while the ash 
content are usually higher than the sludge presented in this study [175, 176]. These variations 
in the results may be due to different social economic activities in each catchment area.  
 
4.2.2 Inorganic species in sewage sludge 
 
Due to the failure of the ICP-AES system, acid digestion of sludge were not performed 
according to British standard test method “Soil quality-Dissolution for the determination of 
total element Part 2: Dissolution by alkaline fusion [177] or Community Bureau Reference’s 
scheme for the determination of extractable trace metals in soils and sediments [178], which 
are more qualified method for sludge digestion. Only a trial test was performed for one batch 
of DRAW and DMAD sludge as discussed in section 3.2.4 and the results along with the 
median values available in [6] are shown in Figure 4-1. 
 
 
Figure 4-1 Metal concentration in DMAD2 sludge, DRAW2 sludge and the median values 
obtained from [6]   
 
The result in Figure 4-1 shows that the metal concentrations of both sludge types follow the 
trend of the median values, although the concentrations are generally lower than these median 
values. It may be due to the total inorganic content of the DRAW2 and DMAD2 sludge, at 
24.4_% and 40.2_%, are at the bottom range of the concentration of each sludge type 
collected from other places [178]. As expected, DRAW sludge exhibited metal concentrations 
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generally lower than DMAD sludge except for K, which is to be expected as K is soluble and 
hence  extracted during the WWT process. 
 
4.2.3 Surface chemistry of sewage sludge 
 
4.2.3.1 Fourier Transform Infrared analysis 
 
The FTIR spectra of different sludge types are shown in Figure 4-2. All FTIR spectra were 
very similar except for the KAW sludge.  A sharp peak at 3643_cm-1 of KAW could be 
assigned to the O-H free functional group, which could be attributed to Ca(OH)2 as the result 
of the lime addition.  
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Figure 4-2 FTIR spectra exhibited by different sludge types 
 
The broad band, between 3700-3000_cm-1 with the peak centre at around 3415-3408_cm-1 for 
all sludge types, could be assigned to O-H stretching, which relate to some moisture content 
and inorganic (Si-OH) in the samples. Also, this peak could be assigned to N-H stretching in 
primary amides and NH2 stretching in secondary amides, which is linked with the protein 
structure within sludge [179, 180]. The two peaks at 2926-2924_cm-1 and 2856-2852_cm-1 
could be assigned to the C-H stretching in the aliphatic part of the methyl and methylene 
groups associated to the glicydic part of lipids [179]. The band at 1653-1639_cm-1 could be 
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assigned to C=O stretching in primary amide [180, 181]. The band at 1547-1541_cm-1 could 
be assigned to the N-H bending in the primary amine.  
 
The band at 1427-1421_cm-1 could be assigned to the COO– stretching in carboxylic acid and 
C-O stretching in carbonate [180]. The carbonate may relate to calcite [179] and ankerite, 
which was also identified in the XRD result in the following section, while the COO– could be 
linked with the part of free fatty acid or phospholipid. The band at 1250-1235_cm-1 (clearly 
observed in all sludge except DMAD and KAW sludge) could be assigned to P=O stretching 
in nucleic acids, which are the fundamental component in biological system [179]. The 
shoulder band at around 1159_cm-1, which could be clearly observed in the case of DRAW 
sludge and the band at 794_cm-1 could be attributed to feldspars [179]. The band 1059-
1036_cm-1, which is assigned to silicate ions and Si-O-Si and/or Si-O-C, together with the 
band at 471-467_cm-1 are both related to quartz and feldspars that are the major inorganic 
content in sludge [179, 180, 182, 183].  Furthermore, the band region between 1160-
1000_cm-1(clearly seen in DRAW sludge at the band centre of 1105_cm-1), which overlapping 
to the earlier peak region, could be assigned to C-O stretching of COH and COC groups from 
polysaccharides or polysaccharide-like substance and carbohydrate structure [181, 184]. A 
small band at 878-874_cm-1, which could be observed quite clearly in the case of KAW and 
GOS sludge, could also be attributed to calcite [179, 183]. The band at around 600_cm-1, 
which is clearly observed in the case of DRAW and DSBS sludge, and 538-530_cm-1 could 
be assigned to PO4
3- that might relate to phosphate compound in sludge such as brushite 
[179].  However, the XRD diffraction pattern of sludge (see section 4.2.3.2) shows no sign of 
the presence of phosphate compounds and it might be the case that the intensity of phosphate 
mineral is quite low or it is not present in a crystalline form and thus could not be identified. 
For KAW sludge, other than the band at 3643_cm-1, the high intensity band around 1500-
1300_cm-1, 700-400_cm-1 and band at 874_cm-1also relates to the Ca(OH)2 presented in the 
sludge [183]. 
 
4.2.3.2 X-ray diffraction analysis  
 
The XRD patterns for the different sludge are shown in Figure 4-3. The main crystalline 
phases are quartz (SiO2), calcite (CaCO3) and feldspar. The diffraction pattern of DMAD, 
KAN and GOS are the same and also show the presence of ankerite [Ca(Fe,Mg)(CO3)2] in 
addition to the three main type of inorganic content mentioned earlier. The diffraction pattern 
determined support the assumption that the sludge came from similar treatment methods and 
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origins (e.g. municipal WWTP). For the KAW sludge, the diffraction pattern also indicates 
the presence of the same inorganic components that were found in three anaerobically 
digested sludge with an addition of the presence of Ca(OH)2) as the result of the lime addition 
during the WWT process. The broad peak at approximately 20°2θ which appears on the 
DRAW and DSBS diffraction pattern could be contributed from the high organic matter 
content [185], which correlates with the CHN result earlier that these sludge have the highest 
organic matter content. The diffraction pattern of the DSBS also shows a presence of 
Montmorillonite-chlorite (sodium calcium aluminium silicate, Na-Ca-Al-Si4O10-O).  
 
 
Figure 4-3 XRD results exhibited by different sludge types [Q-quartz; Ca-calcite; P-Calcium 
hydroxide; F-feldspars (albite, anorthite); A-ankerite; M-Montmorillonite chlorite] 
 
 
4.2.4 Thermal Analysis  
 
Thermal analysis of six different types of sludge was performed to understand the thermal 
decomposition behaviour of the sludge obtained from the different treatment methods and 
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locations. Only DMAD and DRAW sludge, which were mainly used for SBAs production in 
this study, were subjected to the heating rate and seasonal variation study. The effect of 
heating rate was studied in order to see how this influenced the char yield. The influence of 
seasonal variation might affect the SBAs properties due to different behaviour during thermal 
decomposition. 
  
4.2.4.1 Effect of sewage sludge types 
 
Results from the TG and DTG analysis of the six sludge types are shown in Figure 4-4. 
Focusing on DTG results, it clearly indicates that decomposition of sludge could be divided 
into three main phases.  
 
(1) Before 160°C, the slight weight loss in this region is associated with the evaporation of 
adsorbed water in the sludge, which contribute only 2 to 6 % of total mass loss. 
 
(2) Between 160-600°C occur the main decomposition reactions of all sludge types. High 
weight loss is associated with the fast degradation of major carbonaceous constituents sludge 
and loss of volatile organic by-products. This was due to production of CH4 and other 
hydrocarbons, also decomposition of aliphatic compounds and organic acids [64, 186]. The 
breakdown of organic compounds in the region around 300-385°C could come from the 
degradation of cellulose and paper in the sludge [64], especially in the case of DRAW sludge. 
The gas composition, obtained from the decomposition reactions which occurred in this 
region, are discussed in Section 4.2.5 (the study of TG-MS on DMAD, DRAW and DSBS 
sludge).   
 
The decomposition peaks for each sludge type in this region are different, depended mainly 
on the sludge treatment method. For DRAW sludge, there is only one sharp peak among other 
sludge types at 360°C while DMAD, KAN and GOS sludge also present a shorter broad peak 
at this location. The difference in the peak height between raw sludge (DRAW) and digested 
sludge (DMAD, KAN and GOS) are accounted for mainly from the partial breakdown of 
organic matter, such as lipid, polysaccharides, protein and nucleic acids, and inorganic matter 
(mainly sulphate) by anaerobic bacteria [6]. The remaining part of the peak presented by these 
three digested sludge could contribute to the non-biodegradable materials, undigested organic 
(lignin and cellulose), dead bacteria and organic polymers [6, 171, 187].  
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Figure 4-4 Thermal analysis of different sludge types collected from different locations 
 
Other than a short peak in the same region as other digested sludge, KAN also produced a 
peak around 450°C that result from the decomposition of Ca(OH)2. This may follow one of 3 
paths, as illustrated by reaction 4-1 [188] and/or from the dehydroxylation of Ca(OH)2 as 
shown in reaction 4-2 [189], or according to reaction 4-3 [190]. The existence of reaction 4-3 
DTG 
TG 
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was based on the study of adding CaO to GOS sludge by one Partner in an EU research group 
from Technical University of Lodz. From this study, it indicated that the more CaO which 
was added to the GOS sludge, the more H2O that was produced with the simultaneous 
reduction of CO2 production, which was mainly released from the breakdown of organic 
matter in the system at this temperature range. DSBS sludge also shows two additional DTG 
peaks at around 220°C and 280°C. The first peak could correspond to the release of volatile 
matter, which could be easily digested by microorganisms [187]. The second peak could 
correspond to other biodegradable material, undigested organic and dead bacteria [171]. 
 
𝑪𝒂(𝑶𝑯)𝟐(𝒔) → 𝑪𝒂𝑶(𝒔) + 𝑯𝟐𝑶(𝒈)                                 Reaction 4-1 
 
𝑪𝒂(𝑶𝑯)𝟐 → 𝑪𝒂
𝟐+ + 𝟐𝑶𝑯−                                    Reaction 4-2 
 
𝑪𝒂(𝑶𝑯)𝟐(𝒔) + 𝑪𝑶𝟐(𝒈) → 𝑪𝒂𝑪𝑶𝟑(𝒔) + 𝑯𝟐𝑶(𝒈)                      Reaction 4-3 
 
(3) From 600°C onward, the weight change is considered to be due to the decomposition of 
inorganic material [191]. A weight loss peak at around 750°C, which is clearly seen in all 
sludge type except DSBS, could occur from the decomposition of CaCO3 as shown in reaction 
4-4 [189]. An absence of this peak on DSBS sludge suggests that the CaCO3 content in DSBS 
sludge is the lowest among the  sludge (the XRD result still indicated a presence of calcite, 
see section 4.2.3.2). In contrast, the large magnitude of this peak in KAW sludge is expected 
due to the lime addition for this sludge treatment method. Moreover, the weight loss in this 
region could also be attributed to auto gasification reactions due to gases released from the 
breakdown of organic and inorganic matter in sludge. These reactions are discussed in Section 
4.2.5 (TG-MS result) along with the gas composition release in this region.  
 
𝑪𝒂𝑪𝑶𝟑(𝒔) → 𝑪𝑶𝟐(𝒈) + 𝑪𝒂𝑶(𝒔)                               Reaction 4-4 
 
 
4.2.4.2 Effect of heating rate  
 
Results of TG and DTG analysis of DMAD and DRAW sludge using a heating rate of 2 to 
20°C/min, are shown in Figure 4-5 and Figure 4-6, respectively. From the DTG profiles, it 
can be seen that the peak shape exhibited by the same sludge type performed at different 
heating rates are very similar, while the maximum rates of mass loss in %wt/sec were 
increased with heating rate. It can be said that the heating rate has little effect upon its main 
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decomposition peak at 600°C and a slight effect when the temperature approaches 1000°C, 
where a lower heating rate yields a slightly lower char yield than a higher heating rate.  
 
 
Figure 4-5 Thermal analysis of DMAD1 sludge at different heating rates  
 
Figure 4-6 Thermal analysis of DRAW1 sludge at different heating rates 
 
Generally, it was reported that at low temperature (below 650°C), a high heating rate results 
in a lower solid yield and a higher gas/oil yield [173]. For the sludge studied here the opposite 
case is observed. A slightly lower yield at very high temperature might be due to the 
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behaviour during the pyrolytic decomposition of inorganic component in sludge, which makes 
the main contribution to mass loss in this region [192]. 
 
4.2.4.3 Effect of seasonal variation 
 
DMAD and DRAW sludge collected throughout the year were also subjected to thermal 
analysis to investigate if there were any significant seasonal variation in composition that 
might affect the decomposition of sludge in each temperature region.  
 
 
Figure 4-7 Thermal analysis of DMAD sludge at different collection time using a heating rate 
of 5°C/min 
 
From Figure 4-7 and the ash contents in Table 4-1, it can be concluded that the nature of 
volatile matter of DMAD sludge were generally the same. The main difference between the 
samples was their ratio of volatile matter to fixed carbon and inorganic content. The DMAD2 
sludge collected in July 2006 exhibited a lower volatile content than other sludge, as clearly 
shown by the DTG peak around 300°C which is shorter than the other DTG peaks exhibited 
by other DMAD sludge. This indicated that the amount of non-biodegradable material, 
undigested organic, dead bacteria and organic polymer of DMAD2 sludge are lower than 
other sludge, given that the ash content of DMAD2 sludge is similar to other DMAD sludge 
except DMAD6. One factor that may affect DMAD2 sludge was the average temperature for 
the sampling month was 17.8°C [193], which is the highest average monthly temperature of 
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the UK recorded since records began in 1914.  Therefore, these high temperatures may have 
caused an alteration in the activity of Mesophilic bacteria either directly or indirectly. 
 
 
Figure 4-8 Thermal analysis of DRAW sludge at different collection time using a heating rate 
of 5oC/min 
 
The DTG result for DRAW sludge in Figure 4-8 also shows a similar finding to the DMAD 
sludge. It could be said that the nature of volatile matter in the DRAW sludge are generally 
the same, while volatile matter and ash content ratio of fixed carbon are slightly different. 
From Table 4-1, DRAW3 and DRAW4 sludge contained a similar amount of CHN and ash. 
DRAW3 sludge showed a higher DTG peak at 280°C and a slight lower shoulder on the DTG 
at around 400°C than DRAW4 sludge. This also indicated that DRAW3 sludge had more 
volatiles in the form of organic matter than DMAD4. 
 
4.2.5 Thermal analysis-Mass Spectroscopy of DMAD, DRAW and DSBS sludge 
 
Understanding the gas emissions from carbonization is important in terms of the energy value 
and environmental pollution potential [194]. Further, this data could be useful to understand 
the nature of each sludge decomposition region. From the results in Figure 4-9, it can be seen 
that the magnitude of the DTG curve and the total gas production curve overlap, except 
between ~180-500°C in the case of DMAD and DRAW sludge and 180-550°C in the case of  
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Figure 4-9 TG-MS analysis of gaseous product of sludge a) DMAD, b) DRAW and c) DSBS 
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Figure 4-9 (continued) TG-MS analysis of gaseous product of sludge a) DMAD, b) DRAW 
and c) DSBS 
 
 
Table 4-2 Composition of gaseous products formed during the carbonization process up to 
1000°C by DMAD, DRAW and DSBS sludge  
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  % weight    % mole fraction  
  DMAD DRAW DSBS   DMAD DRAW DSBS 
H2 0.92 0.64 0.35 
 
23.36 16.18 18.74 
CH4 1.08 0.59 0.99 
 
3.42 1.86 6.58 
H2O 16.26 20.72 7.76 
 
45.82 57.90 46.14 
CO 10.18 8.56 3.86 
 
18.45 15.38 14.74 
CO2 5.81 6.46 4.73 
 
6.71 7.39 11.52 
C2H6 0.77 0.55 0.38 
 
1.30 0.93 1.35 
C3H8 0.39 0.27 0.19 
 
0.45 0.30 0.46 
C4H10 0.11 0.03 0.04 
 
0.10 0.02 0.08 
CH3OH 0.08 0.02 0.05 
 
0.12 0.03 0.16 
C2H5OH 0.01 0.00 0.02 
 
0.01 0.00 0.05 
C6H6 0.00 0.003 0.00 
 
0.00 0.002 0.00 
SO2 0.06 0.01 0.03 
 
0.05 0.01 0.05 
H2S 0.15 0.00 0.04   0.22 0.00 0.12 
Sum MS 35.83 37.86 18.44 
 
100.00 100.00 100.00 
Residual 38.37 30.10 24.93 
    Tars 25.80 32.04 56.63         
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DSBS sludge, where the gas production rates are smaller than the DTG curves. These 
differences can be attributed to tar production in this temperature region [145]. In Table 4-2, it 
can be seen that the tar products of DMAD, DRAW and DSBS sludge are 26, 32 and 57_%, 
respectively. These amounts of tar agree well with the calorific values determined in section 
4.2.4.1, where high tar production also shows high energy values. The higher tar production 
of DRAW over DMAD sludge are as expected, given that DMAD sludge has passed through 
an anaerobic digestion process and much of the organic matter will have been broken down 
and mainly released as CH4 and CO2 during the digestion processes [6]. Even though the 
carbon content of the DRAW and DSBS sludge are very similar (see Table 4-1), the tar 
production of DSBS sludge is approximately 40_% larger than that produced by DRAW 
sludge. This is probably due to the different nature of each sludge composition. DRAW 
sludge is derived from the combination of primary and secondary raw sludge while DSBS 
sludge is derived from only the secondary biological sludge. 
 
Considering the gas composition in Table 4-2 and Figure 4-9 and according to the sludge 
decomposition region as described in section 4.2.4.1, H2O is released during the 1
st region (< 
180°C). In the 2nd region, 180-600°C, the various gases listed in Table 4-2 are mostly released 
from the sludge. Among these, the major gas components are H2O and CO2. In the 3
rd region, 
above 600°C, the main gas releases are CO, CO2 and H2, of which CO is the major gas 
product.  
 
Further to the discussion in section 4.2.4.1, the release of CO and CO2 originates from 
pyrolytic decomposition of partially oxygenated organic compounds, including lipids, 
carbohydrates, cellulose and lignin, and a lesser amount from inorganic salts decomposition 
such as carbonates [195].  From Table 4-2, H2S and SO2 production from DMAD, DSBS and 
DRAW sludge varied in the above order. During anaerobic digestion, sulphur is the energy 
carried and thus it will not be lost while it will be lost during aerobic digestion. This result 
explains a high sulphur level of DMAD compare to the other two sludge as a conserved 
element due to the volatile solids loss during anaerobic digestion. C6H6, which is a hazardous 
material due to its carcinogenic effect [195], was only evolved from DRAW sludge and the 
amount is very low. The productions of alkanes (CH4, C2H6, C3H8 and C4H10) and alcohols 
(CH3OH and C2H5OH) are quite low and not much different in the three sludge types. The 
anaerobic digestion process seems not to affect the total amount of gas production given that 
both DMAD and DRAW sludge presented a very similar total gas evolution value of 36_% 
and 38_%, respectively. 
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Several partial gasification reactions could be occurring, especially in the 3rd region due to the 
potential for side reactions between the sludge char, ash and pyrolysis products. These include 
the Boudouard (Reaction 1-6), water gas (Reaction 1-7 & 1-8), water-gas shift (Reaction 1-
10), steam reforming (Reaction 1-11) and carbon dioxide reforming (Reaction 1-12) reactions. 
Occurrences of these reactions will probably depend on the amount of gases product. Thus, 
with regard to this effect, it could imply that SA development during the carbonization not 
only depends upon the organic fraction but the inorganic fraction could also play an important 
role in SA development.  
 
4.3 RESULTS II:  CARBONIZATION OF SLUDGE AND 
CHARACTERIZATION OF SLUDGE CHARS 
 
The carbonization experiments studied are described in Table 4-3 and Table 4-4. PA1-PA12 
and PR1-PR15 was a study of the temperature effect on carbonization of each sludge. PA13-
PA16 and PR16-PR21 studied the dwell time effect at the maximum temperatures of 600oC 
and 700oC. PA17 and PA18 were added to investigate heating rate. From PR16 onward, 
DRAW3 sludge was used for carbonization due to exhaustion of supplies of DRAW2 sludge.  
 
Table 4-3 Description of carbonization experiments for DMAD sludge 
 
 
 
 
 
ID Type of sludge/ Heating rate Maximum temperature  Dwell time at maximum temperature  
  Time of collection  (oC/min) (oC) (mins) 
PA1 DMAD2 5 250 0 
PA2 DMAD2 5 350 0 
PA3 DMAD2 5 400 0 
PA4 DMAD2 5 500 0 
PA5 DMAD2 5 600 0 
PA6 DMAD2 5 700 0 
PA7 DMAD2 5 750 0 
PA8 DMAD2 5 800 0 
PA9 DMAD2 5 825 0 
PA10 DMAD2 5 850 0 
PA11 DMAD2 5 900 0 
PA12 DMAD2 5 1000 0 
PA13 DMAD2 5 600 60 
PA14 DMAD2 5 600 120 
PA15 DMAD2 5 700 60 
PA16 DMAD2 5 700 120 
PA17 DMAD2 10 700 0 
PA18 DMAD2 10 700 60 
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Table 4-4 Description of carbonization experiments for DRAW sludge 
 
 
4.3.1 Production yields  
 
For each experiment, char, oil and gas yields were determined by two methods. This was 
carried out because of the variation in the amount of oil accumulated at the outlet arm. 
Another variable was the glass plug wool in the outlet arm tended to be pushed out of the arm 
by the volatile content of DRAW sludge, which had a much higher volatile content over 
DMAD. For the 1st method (M1), the char yield was calculated by weighing the carbon in the 
middle part of the quartz reactor by pouring the char out into a plastic bag. The oil yield was 
calculated by taking the weight of oil trap plus the mass of reactor after removal of char and 
subtracting the mass of empty reactor plus the initial glass wool mass. The gas yield was 
derived from the difference between the overall solid/liquid weight change and the change in 
the weight of the oil trap. For the 2nd method (M2), char and oil yields were determined by 
weighing the quartz reactor and oil trap. The weight of quartz reactor entirely accounted for 
the char yield while the oil trap accounted for oil.  
 
4.3.1.1 Effect of carbonization temperature 
 
The char yield from the furnace agreed well with the thermal analysis data as shown in Figure 
4-10 and the char yield obtained from both experiments were very similar. The DMAD and 
DRAW char yield curves gave a slight lower yield below 400°C. This might be due to the  
ID Type of sludge/ Heating rate Maximum temperature  Dwell time at maximum temperature  
  Time of collection  (oC/min) (oC) (mins) 
PR1 DRAW2 5 250 0 
PR2 DRAW2 5 350 0 
PR3 DRAW2 5 400 0 
PR4 DRAW2 5 500 0 
PR5 DRAW2 5 600 0 
PR6 DRAW2 5 650 0 
PR7 DRAW2 5 700 0 
PR8 DRAW2 5 750 0 
PR9 DRAW2 5 775 0 
PR10 DRAW2 5 800 0 
PR11 DRAW2 5 825 0 
PR12 DRAW2 5 850 0 
PR13 DRAW2 5 875 0 
PR14 DRAW2 5 900 0 
PR15 DRAW2 5 1000 0 
PR16 DRAW3 5 600 0 
PR17 DRAW3 5 600 60 
PR18 DRAW3 5 600 120 
PR19 DRAW3 5 700 0 
PR20 DRAW3 5 700 60 
PR21 DRAW3 5 700 120 
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Figure 4-10 Comparison of char yields from furnace and thermal analyzer at a heating rate of 
5oC/min 
 
 
Figure 4-11 Carbonization results of char, oil and gas yields from sludge at different 
carbonization temperature 
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moisture content at the start. The char, oil and gas yields obtained by carbonized sludge at 
different activation temperatures are shown in Figure 4-11 and these yields are calculated by 
the 1st method. From this, it could be noted that the error in oil and char yield for DRAW 
sludge is about 5% while DMAD sludge results have errors of about 2%. 
 
From Figure 4-11, which shows runs PR1-PR15 and PA1-PA12, it can be seen that DMAD 
sludge produced an approximately 15_% greater char yield than the DRAW sludge whilst 
DRAW sludge gave an approximately 15_% greater oil yield than DMAD sludge. The gas 
yields of both sludge types were equivalent to the TG-MS data. This result is as expected. 
During the digestion process of DMAD sludge, smaller carbonaceous molecules within the 
sludge are broken down by microbes and released as gases, leaving a product that has higher 
average molecular weight and hence lower volatile content than DRAW sludge. This indicates 
that gas generated during carbonization was due to thermolytic decomposition reactions 
occurring within the heavier, non-digestible carbon components in the sludge. It is also worth 
noting that above 500°C, the oil yield of both sludge types remains nearly constant. This 
implies that all the condensable compounds have already been released and thus the 
remaining volatiles correspond to non-condensable gases [173].  
 
4.3.1.2 Effect of carbonization dwell time  
 
 
Figure 4-12 Sludge char yields at different carbonization dwell times (Heating rate/maximum 
carbonization temperature/type and batch of sludge) 
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From Figure 4-12, it can be seen that the dwell time has minor effects upon the % char yield 
(% oil yield constant). The reduction of char yield when using a higher carbonization 
temperature and longer dwell time are an expected effect due to carbon consolidation and 
shrinkage. The absolute reduction in char yields are very small, approximately 3% for DMAD 
and 2% for DRAW at the same maximum temperature. In addition, it can be said that the 
variation due to seasonal effects in the case of DRAW char is also minimal, but has a slightly 
greater affect than the dwell time of about 4% at the same maximum temperature. 
 
4.3.1.3 Effect of heating rate  
 
From Figure 4-13, it can be seen that the heating rate has almost no effect on char yield, with 
the change in char yield being only 1 % at the same maximum temperature and dwell time 
and heating rates between 5 oC/min to 10 oC/min. Rio et al. [196] also observed that varying 
the heating rate from 5 to 20°C/min on the production of carbonized viscous liquid sludge and 
limed sludge at the maximum temperature of 600°C only had a weak effect on the char yield. 
 
 
Figure 4-13 Sludge char yields at different heating rate (Carbonization temperature/dwell 
time at maximum carbonization temperature/type and batch of sludge) 
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4.3.2 Nitrogen gas adsorption 
 
Selected Chars produced at different carbonization conditions were analysed for 
adsorption/desorption isotherms by nitrogen gas adsorption, as already described in section 
3.2.7.  
 
4.3.2.1 Nitrogen gas adsorption isotherms 
 
Figure 4-14 Nitrogen gas adsorption/desorption isotherms of sludge and chars at different 
carbonization temperature a) DMAD and b) DRAW 
 
From Figures 4-14 a) and b), it can be clearly seen that both char types exhibited type IV 
isotherms with characteristic H3 hysteresis loops, which indicate a presence of mesopore on 
solids containing slit-shaped pores and does not show any limited adsorption at high P/P0 [26, 
51]. From both set of results, it could be seen that the hysteresis loops were wider when the 
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samples were prepared with increase carbonization temperature; this indicates the wider 
development of mesopore throughout an increase of carbonization temperature. Also, DMAD 
chars adsorbed more nitrogen than DRAW chars produced at the same maximum temperature.  
 
4.3.2.2 Surface area and pore volume  
 
BET, meso & macropore and micropore SA together with other parameters, which were 
obtained from BET and t-plot analysis of selected chars are shown in Table 4-5.  
  
Table 4-5 SA of sludge and chars obtained by BET and t-plot 
 
*Experiment conditionHeating rate/maximum temperature/dwell time; #PR17-21DRAW3 sludge was used 
  
4.3.2.2.1 Effect of carbonization temperature 
 
The SA produced by SBAs at different carbonization temperature of both sludge types are 
presented in Figure 4-15. From this, it can be clearly seen that total SA (BET) of both char 
types increased with carbonization temperature. The internal SA (micropore SA) started to 
develop when the carbonization temperature was at 500°C and increased gradually up to 
ID  
Exp 
condition* 
  BET       t-plot     
Micropore 
SA (m2/g) 
Total SA 
(m2/g) 
C 
value P-P0 range 
Meso&Macropore 
or t-plot SA 
(m2/g) R2 
film 
thickness   
DMAD2 - 10.6 25 0.15-0.25 
 
13.2 0.9999 5-9 
 
0.0 
PA1 5/250/0 10.4 28 0.15-0.25 
 
12.2 0.9997 5-9 
 
0.0 
PA2 5/350/0 13.2 27 0.1-0.25 
 
15.9 1.0000 7-9 
 
0.0 
PA3 5/400/0 15.4 31 0.11-0.25 
 
18.5 1.0000 3.5-6.5 
 
0.0 
PA4 5/500/0 41.0 40 0.05-0.25 
 
30.2 0.9999 6.5-9 
 
10.8 
PA5 5/600/0 64.0 67 0.06-0.15 
 
33.0 1.0000 7-9 
 
31.1 
PA6 5/700/0 85.1 178 0.02-0.15 
 
29.0 1.0000 7-9 
 
56.2 
PA8 5/800/0 113.2 822 0.001-0.15 
 
30.9 1.0000 7-9 
 
82.2 
PA11 5/900/0 136.3 636 0.001-0.15 
 
50.1 0.9989 7-9 
 
86.2 
PA12 5/1000/0 153.4 537 0.001-0.15   88.4 0.9998 7-9   65.0 
PA13 5/600/60 75.6 90 0.05-0.2 
 
34.2 0.9998 6.5-9 
 
41.3 
PA14 5/600/120 73.9 103 0.05-0.2 
 
33.2 1.0000 7-9 
 
40.8 
PA15 5/700/60 93.4 301 0.01-0.1 
 
30.6 1.0000 7-9 
 
62.7 
PA16 5/700/120 96.6 286 0.02-0.1   30.7 0.9996 7-9   65.9 
PA17 10/700/0 84.5 157 0.01-0.2 
 
33.8 0.9994 6.5-9 
 
50.7 
PA18 10/700/60 85.8 274 0.02-0.15   31.4 0.9998 6.5-9   54.3 
DRAW2 - 7.9 27 0.15-0.25 
 
10.4 0.9999 5-9 
 
0.0 
PR1 5/250/0 8.1 46 0.12-0.25 
 
10.1 1.0000 5-9 
 
0.0 
PR2 5/350/0 8.0 33 0.15-0.25 
 
9.7 0.9995 7-9 
 
0.0 
PR3 5/400/0 8.5 34 0.12-0.25 
 
10.1 0.9996 7-9 
 
0.0 
PR4 5/500/0 12.5 27 0.11-0.25 
 
12.3 0.9991 7-9 
 
0.2 
PR5 5/600/0 20.1 36 0.1-0.25 
 
14.4 0.9988 7-9 
 
5.7 
PR7 5/700/0 39.0 39 0.05-0.25 
 
17.8 1.0000 7-9 
 
21.2 
PR10 5/800/0 103.8 211 0.05-0.15 
 
22.0 1.0000 7-9 
 
81.8 
PR14 5/900/0 146.7 396 0.01-0.15 
 
36.1 1.0000 7.5-8.5 
 
110.6 
PR15 5/1000/0 150.1 484 0.001-0.2  60.1 0.9999 7-9  90.0 
PR17# 5/600/60 9.3 30 0.14-0.25 
 
9.7 0.9995 7-9 
 
0.0 
PR18# 5/600/120 10.2 30 0.12-0.25 
 
9.4 0.9997 7.5-9 
 
0.8 
PR19# 5/700/0 25.1 16 0.12-0.25 
 
19.4 0.9989 7-8.5 
 
5.7 
PR20# 5/700/60 34.0 17 0.12-0.25 
 
20.5 0.9980 7-9 
 
13.4 
PR21# 5/700/120 27.6 17 0.12-0.25   20.8 0.9996 7-9   6.8 
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900°C. However, the meso & macropore SA of sludge chars increase between 400-500°C and 
then eventually stabilise between 500-800°C. The increase of meso & macropore in the early 
stage of carbonization could be explained from the volatilisation of polysaccharides at lower 
temperature. Cell walls of microorganisms in sludge are composed of peptidoglycans, with 
polysaccharides comprising the main components of the microorganism concealed substance 
layer. The polysaccharides bond energy is lower than that of peptidoglycan and thus the 
polysaccharides are volatilised at lower temperature.  However, above 700°C, the 
peptidoglycan is cracking and thus could form micropores and mesopores [2, 197].  From 
800°C onward, there is a dramatic increase in meso & macropore SA of both char types. This 
implies that above 800°C, the developed micropores are widening and/or being destroyed and 
thus resulting in higher meso & macropore SAs. 
  
 
Figure 4-15 SA of sludge and chars prepared at different carbonization temperature 
 
The BET and internal SA of the DMAD chars show higher SA earlier at low temperatures 
(from 400 to 800oC) than DRAW chars. This lag can be explained by the observation that 
DRAW sludge has a greater volatile content initially and thus more reactive species being 
present. Therefore, this volatile matter can obstruct the pore formation with tarry products. 
Thus, from 800oC to 900oC, where it can be assumed that the majority of the volatile content 
has been released, the DRAW char shows a higher BET and internal SA than DMAD char. 
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From 900oC onward, the opposite is true, while the DRAW char still yields a higher internal 
SA than DMAD char, both samples show a downward trend as the temperature increases.  
 
From the plot of PV in Figure 4-16, it can be seen that in general, the development trend of 
total PV, micropore and mesopore volume according to an increased carbonization 
temperature are similar to the development of total, micro and meso & macropore SA that 
have already been discussed earlier.  Also, it can be seen that the total PV of carbonized 
DMAD sludge are all higher than carbonized DRAW sludge compared at each carbonization 
temperature. Thus, this evidence could support the assumption discussed earlier, about the 
calculation of BET SA that mostly account for the narrow micropore formation.  
 
 
Figure 4-16 PV of sludge and chars prepared at different carbonization temperature 
 
The highest BET SA achieved in this experiment was 153 m2/g, which is the second highest 
BET value obtained from sludge chars reported in the literature [2].  The highest BET value 
of 359_m2/g was obtained by Zhai et al. [165], which was produced from municipal sludge in 
China. Nevertheless, it is interesting to note that the BET SA obtained in this research work is 
similar to that obtained from the European and USA municipal sludge [167, 196, 198, 199]. 
Similarly, the highest total PVs are 0.135 and 0.196_ml/g for DMAD and DRAW chars 
produced at 1000°C, respectively, while the maximum micropore volumes are 0.0432 and 
0.0574_ml/g for DMAD and DRAW chars produced at 900°C, respectively. The micropore 
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volumes obtained in this research also give similar results to sludge collected from European 
and USA but different from sludge collected from China. Thus, a large difference of SA and 
PV of sludge chars could be derived from the difference in sludge composition that might be 
varied in each economic catchment area.   
 
It is worth noting that addition of highly carbonaceous material such as CAC, tyre rubber, 
waste paper and waste oil sludge or admixtures such as polymers containing transition metal 
cations and polystyrene sulfonic acid-co maleic acid sodium salt have been noted to increase 
the SA of sludge chars [2, 166, 200, 201]. Acid washing by HCl also help to increase the SA 
of sludge chars; the highest SA value of 428_m2/g was obtained by Ros et al. [202] using this 
process. However, the above modifications were considered to be outside the scope this 
research. 
 
4.3.2.2.2 Effect of carbonization dwell time 
 
The study of carbonization dwell time was performed at 600°C (PA5/13/14; PR17/18) and 
700°C (PA6/15/16; PA17/18; PR19/20/21), by which point the sludge had completed their 
main decomposition stage. From the result in Table 4-5, there was a fluctuation of SA with an 
increase in carbonization dwell time. Firstly, the internal SA increased with dwell time up to 
60_mins. Similarly, the BET SA either stabilized (PA17/18) or increased. However, for dwell 
times above 60 mins, there was an upward trend in the BET and internal SA of carbonized 
DMAD and DRAW sludge produced at 700°C and 600°C, respectively (PA15/16; PR17/18); 
and a downward trend of BET and internal SA of carbonized DMAD and DRAW sludge 
produced at 600°C and 700°C, respectively (PA13/14; PR20/21).  The reduction in SA with 
an extended dwell time possibly resulted from consolidation and shrinkage of the carbon 
matrix [199, 203], together with the aromatization that results in narrowing and/or blocking of 
the pore accesses (sintering effect), thus reducing available SA [165, 204]. Inguazo et al. 
[199] confirmed that the carbon matrix contraction increased with an increase of 
carbonization temperature.  
 
By varying the heating rate (PA6/17; PA15/18), the internal SAs increased slightly with the 
use of a low heating rate, no matter what dwell times were applied. Similarly, the total SA 
were nearly stable (PA6/17/18) or rose slightly (PA15/18) with the use of a low heating rate. 
The higher internal SA created by the use of a low heating rate might be because during 
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carbonization, a lower volatilization occurred due to increased dehydration and better 
stabilization of the polymeric components [17]. Nevertheless, heating rate (or dwell time) 
were not the main parameters that affected the SA, with the batch origin (PR7/19) appearing 
to be more influential.  
 
It can be said that the reactions occurring during the carbonization of sludge mainly depend 
on the maximum temperature, not the dwell time and heating rate, under the thermal 
conditions existing in the furnace used for this study. However, it is interesting to note that the 
rotary furnace used in this experiment is different from those used in most of the reported 
literature, which often use a non-rotating reactor during carbonization. Thus, the dwell time 
will play a more important role in the carbonization process in these kinds of reactor. The heat 
transfer in a non-rotating reactor is not as good as a rotating one. The volatile content 
produced may also be less effectively removed from the reactor and thus the dwell time at the 
maximum temperature will play a more important role. 
 
The micropore, mesopore and total PV of the chars derived from the study of dwell time and 
heating rate are shown in Table 4-6. PVs exhibited a similar development trend to that earlier 
discussed for SA and it could be said that carbonization dwell time and heating rate only have 
a very minimal effect on the PV development. Overall, the collection time of the sludge still 
has a more important influence than these two parameters. 
 
Table 4-6 PV of chars prepared at different dwell time and heating rates 
 
*PR5/7  DRAW2, #PR17-21 DRAW3 
 
ID 
Carbonization 
condition (HR/Max 
temp/Dwell time)  
Total PV at P/P0 
=0.98 (ml/g) 
PV (ml/g)     
Micropore Mesopore     
PA5 5/600/0 0.1130 0.0156 0.0974 
  PA6 5/700/0 0.1160 0.0264 0.0896 
  PA13 5/600/60 0.1230 0.0202 0.1028 
  PA14 5/600/120 0.1230 0.0200 0.1030 
  PA15 5/700/60 0.1270 0.0289 0.0981 
  PA16 5/700/120 0.1280 0.0309 0.0971     
PA17 10/700/0 0.1260 0.0245 0.1015 
  PA18 10/700/60 0.1240 0.0250 0.0990     
PR5* 5/600/0 0.0347 0.0033 0.0314 
  PR7* 5/700/0 0.0476 0.0010 0.0466 
  PR17
#
 5/600/60 0.0222 0.0000 0.0222 
  PR18
#
 5/600/120 0.0225 0.0008 0.0217 
  PR19
#
 5/700/0 0.0367 0.0029 0.0338 
  PR20
#
 5/700/60 0.0436 0.0071 0.0365 
  PR21
#
 5/700/120 0.0400 0.0035 0.0365     
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4.3.2.3 Pore size distribution 
 
4.3.2.3.1 Micropore size distribution 
 
An example of the micropore size distribution of DMAD and DRAW chars as determined by 
the Horváth and Kawazoe method, is shown in Figure 4-17. It can be generally said that the 
development of micropore size distribution are similar in patterns but yield different dW/dR 
peak intensity. From Figure 4-18, it can be clearly seen that the dW/dR peak value increases 
from temperatures of 500°C upwards and peaks at 800°C and 900°C indicating an intensity of 
dW/dR peaks of 1.76 and 2.55 for DMAD and DRAW chars, respectively. Well-developed 
micropore distribution at 700°C and above present dW/dR peak centres at the effective pore 
size diameters of approximately 0.55-0.57_nm. The temperature of the maximum dW/dR 
peak correlates with the development of internal SA and micropore volume results presented 
in Figure 4-15 and 4-16, respectively.  
 
The analysis of the dwell time and heating rate data shows a very slight effect on the Horváth 
and Kawazoe micropore size distribution. The development trends of dW/dR intensity are 
similar to the internal SA and micropore volume that were discussed in Section 4.3.2.2.2.  
 
 
Figure 4-17 Horváth and Kawazoe micropore size distribution exhibited by DMAD2 char at 
800°C (PA8) and DRAW2 char at 900°C (PR14) 
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Figure 4-18 Horváth and Kawazoe analysis of micropore size distribution exhibited by chars 
at different carbonization temperatures  
 
4.3.2.3.2 Mesopore size distribution 
 
From Figures 4-19 a) and b), the peaks in the 1-2_nm region are an artefact due to capillary 
condensation effects [51] and should not be taken as a true indicator of the presence of such 
micropores. It can be seen from the result in the Figure that the DMAD and DRAW chars 
show similar PV distributions as determined by the BJH method. Nevertheless, the DMAD 
char gives an approximately 50_% higher PV for pores of radius 4–30_nm, especially at 
higher carbonization temperatures.  
 
It is also interesting to note that the contribution of the artefact increases with an increasing 
maximum carbonization temperature of DMAD sludge indicating that pores are forming 
which contribute to this effect. With DRAW sludge and DRAW chars, the contribution is 
relatively constant until the maximum temperature rises above 700oC, when the contribution 
rapidly increases. This difference between DMAD and DRAW is because DMAD sludge has 
a lower volatile content and thus can develop wider pores (mesopore) faster. 
 
For the study of carbonized sludge with different carbonization dwell time and heating rate 
(the results not shown), there is only minimal effect on mesopore development in both sludge 
chars when varying these two parameters. 
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Figure 4-19 PV summary of chars at different carbonization temperatures a) DMAD2 and b) 
DRAW2 
 
4.3.3 Physical characterization 
 
4.3.3.1 Ash content  
 
Ash contents of sludge chars produced at different carbonization temperature (PA1-PA12 and 
PR1-PR15) are shown in Figure 4-20. The results are presented on both experimental and 
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calculation values. The calculation values were calculated by using the % ash content in the 
original sludge that would be retained in the chars if all the inorganic fraction in sludge were 
transferred to chars. Thus, % calculated ash = 100 x % original sludge ash/% char yield [34]. 
Note that the calculation errors of % ash content of DMAD and DRAW chars are within 1_% 
and 4_%, respectively. 
 
 
Figure 4-20 Ash content of sludge and chars prepared at different carbonization temperature 
 
From Figure 4-20, both chars show % calculated ash contents higher than % experimental ash 
content when compared at the same temperature. The difference started to form above 250°C 
and increased slightly up to 500°C and above this temperature, the % ash difference between 
experiment and calculation are constant with the value at 500°C. Thus, this might imply that 
there was some of inorganic content that might be transferred to the oil trap during the 
carbonization, even though the use of a glass wool plug could help prevent char 
contaminating the oil trap. Inorganic components in sludge such as potassium and calcium 
particularly can act as a catalyst in biomass decomposition and char-forming reactions. 
Pyrolysis oils are consistently contaminated with chars forming during these reaction as 
suspended submicron particles [205]. In addition, the density and nature of sludge, especially 
DRAW sludge, which is a light and fluffy solid and thus it is easy for the residual material to 
be carried into the oil. The use of a larger and denser particle size of sludge material might be 
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of benefit with regard to utilisation of the oil (for fuel), through reducing ash and alkali metal 
carry-over. 
 
The ash retained in both of the char types produced up to 1000°C are over 90_% and over 
80_% from the original DMAD and DRAW sludge, respectively. This calculation is based on 
the following formula: % ash remaining on sludge = (% experiment ash / % calculated 
ash)/100. This shows that most of the inorganic components are remaining in the chars. The 
loss of inorganic content is probably due to some of the low boiling point inorganic content, 
such as potassium (759°C), sodium (883°C) and zinc (907°C), being released during 
carbonization. 
 
 
Figure 4-21 Ash content of chars prepared at different dwell times 
 
Figure 4-21 shows the % ash content of carbonized DMAD2 and DRAW3 sludge produced at 
different dwell times at 600°C and 700°C (PA5/6/13-16 and PR16-21).   Except for 
carbonized DRAW3 sludge at 700°C, the results indicate as expected that the longer the 
samples are carbonized, the more carbon and volatile matter are removed, and thus the 
percentage ash content increases. However, in the case of DRAW3 sludge carbonized at 
700°C, this trend is absent, although this variability might be caused by the heterogeneity of 
inorganic content in the sludge. The experimental ash content increase was less than 3% for 
both DRAW and DMAD chars for an increase in dwell time from 0 to 120 min. This suggests 
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that carbonization is essentially completed at 600°C/700oC, and only minor rearrangement of 
char is occurring (i.e. Aromatization). Similarly, the heating rate was found to have a minimal 
effect of the ash content. However, the seasonal effect had a much greater influence on the 
ash content, which changed by approximately 10 % for DRAW chars (see Figure 4-20 and 4-
21). 
 
4.3.3.2 Elemental analysis  
 
Selected sludge and chars CHNS analysis data (Section 3.2.8) are shown in Table 4-7. C/H 
ratio is also provided in the table as a rough measurement of aromaticity in the carbon 
structure. From the result in Table 4-7, all DRAW chars exhibited a higher carbon content 
than DMAD chars. The C content in sludge chars have been reduced from the original sludge. 
This is due to the release of some C content to the oil and gas fraction during the 
carbonization of the sludge below 600°C. Additionally, the C/H ratios of chars increase 
compared to the original sludge, thus indicating the elimination of H and N content, and 
development of aromatization of the C structure, a well-recognised effect during 
carbonization. 
 
Table 4-7 Elemental composition of sludge and chars 
*errors on instrumentation are within ± 0.30_% absolute 
 
S contents in both sludge types show different trends. S content in DMAD chars increased 
with carbonization temperatures while for DRAW chars, an opposite trend is observed. The 
fluctuating of S content with the rise of carbonization temperature were also observed in the 
case of carbonized viscous liquid sludge, limed sludge and anaerobically digested sludge from 
France and Spain [173, 206]. This variation might be due to the low amount of S in the 
literature sludge and especially DRAW sludge in this study, which means the values could be 
subjected to error from the instrument (which is approximately ± 0.30_% absolute). 
Nonetheless, based on the char yields obtained by both sludge at 700°C and 1000°C, it can be 
calculated that approximately 55-65_% and 10-30_% of S in original DMAD and DRAW 
ID Carbonization condition 
(Heating rate/Max 
temp/dwell time) 
 wt %* 
  
Non CHNS 
C/H 
 ratio C H N S 
DMAD2 - 29.7 4.3 3.7 1.3 61.0 7.0 
PA6 5/700/0 23.3 1.0 2.4 1.4 71.9 22.7 
PA12 5/1000/0 23.4 0.5 0.7 1.8 73.7 52.0 
DRAW2 - 38.3 5.1 3.9 0.5 52.2 7.5 
PR7 5/700/0 32.0 1.1 2.9 0.3 63.7 29.1 
PR15 5/1000/0 32.9 0.6 0.9 0.2 65.5 55.7 
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sludge, respectively, are retained in the chars. The reason behind the S content being retained 
in DMAD chars more than in the DRAW chars might be due to the fact that DRAW sludge 
contains a higher amount of organic S over DMAD sludge. The DMAD sludge has already 
passed through the anaerobic digestion process and some of the organic S will have been 
mineralised or released as H2S during the process.  
 
4.3.4 Surface chemistry 
 
4.3.4.1 Surface pH  
 
The pH of the DRAW and DMAD chars are shown in Figure 4-22. The pH of both char types 
is temperature dependent, increasing with temperature.  The pH trend of DMAD chars agrees 
with the general trend observed in the literature. Other than the dehydrogenative 
polymerisation, polycondensation reactions and increasing ash content, the cause of the 
increase in pH could have arrived from carbonization removal of acid groups, as was shown 
by the measurement of carboxylic and lactone (cyclic ester) group content of sludge chars 
[151, 207, 208]. The pH trend of DRAW chars follows a similar trend until the temperature 
reaches 800°C. The maximum pH of DRAW char at 800°C is not extraordinary. Similar 
observation have been reported in the literature, with pH maximum at 650°C [152], 600°C 
[150] and 800°C [151, 196, 209]. The different trend of pH for these two types of sludge char 
may relate to the differences in their carbon and inorganic fractions. 
 
 
Figure 4-22 Surface pH of sludge and chars at different carbonization temperatures  
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4.3.4.2 Fourier Transform Infrared analysis  
 
The FTIR spectra of DRAW and DMAD chars at different carbonization temperatures are 
shown in Figure 4-23 a) and b), respectively, and the summary of band location, functional 
group and related compounds are shown in Table 4-8. The lipids in both sludge were 
decomposed below 500°C due to the disappearance of the C-H (2929-2925, 2854 cm-1) and 
C=O (1702_cm-1) stretching. Protein in both sludge were decomposed below 450°C due to the 
disappearance of the C=O stretching (1653-1632 cm-1), N-H bending and C-N stretching 
(1545-1541 cm-1).  The disappearance of the peaks at 1112 cm-1 (below 450°C) also indicated 
the completed decomposition of polysaccharide and carbohydrate. The peak at 1626-
1606_cm-1 appears on both char types at temperatures between 450°C to 1000°C due to 
aromatic C=C bond formation. These  are polarised by oxygen atoms bound near one of the C 
atoms [210] and possibly relate to quinone SFG [211] and/or alternatively C=C stretching in 
endocyclic systems of six-member ring fusions, which show the band at ≈ 1611_cm-1 for 
 [212], which are indicative of the development of carbonization and carbon 
consolidation of the SBA structure. Lu et al. [213] proposed that these bands could be 
attributed to the shift of the amide bond, which is linked to amide SFGs with heavy metals. 
However, no reference to support this conclusion is available and further work is need to 
confirm this assumption. Additionally, the small shoulder band at around 1700_cm-1 under the 
envelope of the peak on chars at 500°C to 700°C could indicate the carbonyl (aldehyde, 
ketone and ester) and carboxyl SFG, in which the disappearance of this shoulder band of 
chars at 800°C and above indicate the probable removal of these acidic SFGs, thus helping to 
understand the pH behaviours seen earlier. It should be noted that the C-O bond of the 
carboxylic and ester groups could be hidden under the finger print region between 1300-
1000_cm-1. The C-H of aldehyde is usually weak and not interpretation useful [212] while the 
C=O bond of aromatic aldehyde, ketone and ester present the band in the lower frequency 
region between 1730-1680_cm-1 rather than its aliphatic structure between 1750-1700_cm-1 
[214]. The band at 1484-1475_cm-1, which can be seen on the DRAW sludge carbonized at 
800°C and above and DMAD carbonized at 800°C, could be attributed to the aromatic 
structure and also the formation of nitrogen containing compounds. The assumption of 
nitrogen containing compound was supported by the work by Bandosz and Block that nitride 
would be formed during the carbonized sludge between 800-900°C [167].  
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Table 4-8 FTIR band location of sludge and chars, assignment to functional group and related compounds 
Band assignment center Band presented by samples Assignment/Functional group Relate compounds Reference 
(cm-1)         
3440-3400 (broad band 
between 3700-3000) 
all sludge and chars < 350°C O-H stretching moisture,  silanol (Si-OH) [181] 
 
N-H stretching in amide I, NH2 
stretching in amide II Protein [181] 
2929-2925 and 2854 sludge and chars < 450°C 
C-H stretching in methyl & 
methylene 
long chain aliphatic associated 
with glicydic part of lipids [179, 181] 
1702 (shoulder) sludge and chars < 450°C 
C=O stretching in aldehyde, ketone, 
carboxylic acid & ester lipids [179, 214, 215] 
≈ 1700 (under envelope of 
the peak at 1626-1632) chars  < 500°C to 700°C 
 
carbonyl and carboxyl SFGs [212, 214] 
1653-1632 sludge and chars < 350°C C=O stretching in amide I protein [179]  
    O-H deformation in hydroxyl group adsorbed water [181, 215] 
1626-1606 chars ≥ 450°C  to 1000°C 
C=C stretching in aromatic ring  
polarized with oxygen atom quinone SFG [210, 211] 
  
C=C stretching in endocyclic system carbon structure of SBAs [212] 
1545-1541 (shoulder) sludge and char at 250°C 
N-H bending in amide II and C-N 
stretching protein [214, 215] 
1484-1475 
DMAD char at 800°C &  
DRAW chars > 800°C  
C=C-C stretching in aromatic ring  carbon structure of SBAs [181, 216] 
  
N=O stretching, N=N stretching in 
Azo compound nitrogen containing compounds [167, 181] 
1433-1419 sludge and chars < 700°C COO- stretching in carboxylic acid lipids [215] 
    
out of phase CO3 stretching of 
carbonate ions calcite [179, 181] 
1163 DRAW sludge and chars < 350°C NA feldspar (albite. anorthite) [179, 183] 
1112 DRAW sludge and chars < 350°C C-O stretching of COC and COH 
polysaccharide-like substance, 
carbohydrate [181, 215] 
1060-1036 all sludge and chars 
Si-O-Si and/or Si-O-C stretching; 
silicate ions 
quartz, feldspars, potassium 
sodium aluminum silicate hydrate [179, 181-183, 215] 
876-874 
all sludge and chars except DMAD 
chars  >900°C 
Si-H bending, –SiH2 stretching in 
aryl carbon and Si-OH stretching 
silicon compound relate to carbon 
structure of SBAs [181] 
    
out-of-plane deformation of CO3 of 
carbonate ions calcite [179, 181, 183] 
797-777 all sludge and chars Si-O stretching silica (quartz) [179, 181] 
554-552 and (602-600) all sludge and chars PO43-ions (bending) 
phosphate compounds in sludge 
and in SBAs such as whitlockite [179, 181, 217] 
472-460 all Sludge and chars Si-O-Si bending silica (quartz) [181, 218] 
*small sharp peak at around 1380_cm-1 is due to impurity in KBr 
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Figure 4-23 FTIR results of sludge and chars at different carbonization temperatures; a) DRAW and b) DMAD 
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Considering the inorganic components, the band at 1433-1419_cm-1 together with the band at 
876-874_cm-1 are related to calcite and the disappearance of the band, when the carbonization 
temperature went above 700°C, suggests the removal of carbonate related to calcite. The band 
at 876-874_cm-1 could be attributed to the aromatic structure and aryl with silicon related 
compounds, when the carbonization temperature went above 700°C, which also agree with the 
band appearing at 1484-1475_cm-1. The hidden envelope under the peaks at 1060-1036_cm-1 
are related to silicon compounds such as quartz, feldspar and potassium aluminium silicate 
hydrate (see section 4.3.4.3). Together with the band at 797-777_cm-1 and 470-462_cm-1 also 
support the presence of silica (quartz). The band at 554-552_cm-1 is assigned to the PO4
3- that 
could be related to phosphate in sludge and this peak region, together with the peak at 602-
600_cm-1, which appeared on both type of chars produced at and above 700°C, are related to 
whitlockite (the XRD result in section 4.3.4.3 also confirm this compound formation). Note 
that the main band of phosphate is at 1100-940_cm-1 and it could be hidden under the 
envelope of the peak at 1060-1036_cm-1. 
 
Thus, the rise of pH of both char types could be influenced by the removal of acidic SFGs 
(carbonyl and carboxyl group including carboxylic acid, ketone and ester) and the formation 
of ammonia-like compounds, which are mainly present in the case of  DRAW sludge 
carbonized at 800°C. The reduction of pH at above 800°C of DRAW chars could result from 
the decomposition of this nitrogen, as suggested by the reduction of the peak intensity at 
1475_cm-1 of DRAW sludge carbonized at temperature above 800°C and the disappearance of 
the peak at 1484_cm-1 of DMAD sludge carbonized above 800°C. 
 
It is worth noting that the surface chemistry assessment by the Boehm titration method of the 
DRAW char produced at 700°C (PR7) indicated that the most prevalent SFGs are the 
carbonyl group (1.3_meq/g) followed by the basic group (1.0_meq/g). In contrast, DRAW 
char at 900°C (PR14) indicate that the most prevalent SFGs are the basic group (1.21_meq/g) 
followed by carbonyl group (0.32_meq/g). Phenolic hydroxyl, carboxyl and lactone SFG on 
both of the char types are also presented on the samples but in a much lower quantity (≤ 
0.1_meq/g) [219]. These differences in SFGs help confirm the FTIR observation that the 
higher carbonization temperature could remove the acidic groups such as carbonyl group 
(ketone, aldehyde and ester) and thus result in a higher basicity, while the presence of 
carbonyl SFG at 900°C could indicate the prevalence of the conjugated form of the carbonyl 
group. 
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4.3.4.3 X-ray diffraction  
The diffraction pattern of both DRAW and DMAD chars at 700°C are shown in Figure 4-24. 
Both of the chars indicated a presence of quartz (SiO2); feldspar (Albite-NaAlSi3O8; 
Anorthite-CaAl2Si2O8); potassium sodium aluminium silicate hydrate 
(Na3K3Al6Si6O24.12H2O) and whitlockite (Ca3(PO4)2). Additionally, DMAD char show a 
presence of cristobalite (SiO2). The disappearance of calcite in DRAW and DMAD sludge 
and the ankerite in DMAD sludge are possibly due to the decomposition CaCO3 into CaO and 
CO2. The normal decomposition temperature of CaCO3 is at 825°C. However, the presence of 
H2O and/or CO2, which release from sludge during the pyrolysis process, could shift the 
decomposition of CaCO3 to a lower temperature. The research by Wang & Thomson [220] 
showed that the decomposition of CaCO3 could occur between 440-560°C under the presence 
of CO2 or H2O. H2O is better and faster adsorbed to CaCO3 than CO2, by weakening the 
CaO·CO2 bonds. However, it has been noted that the CaCO3 was still present on the 
diffraction pattern of char prepared at 700°C, 30 min dwell time, 5 l/min of nitrogen flow and 
100-150 g of WWTP sludge per batch in a tubular furnace [221]. Therefore other factors may 
influence the results such as; nitrogen flow, reactor type and amount of CaCO3 in each sludge 
sample, that might change the amount of CO2 and H2O in the reactor during the carbonization 
and thus affect the decomposition of CaCO3. 
 
 
Figure 4-24 XRD pattern of chars at carbonization temperature of 700°C (Q-quartz; C-
cristobalite; Po-potassium sodium aluminium silicate hydrate; F-Feldspars (albite, anorthite); 
W-whitlockite) 
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4.3.5 Leaching test 
 
As mentioned earlier due to the non-operable ICP-AES instrument, the leaching test was not 
performed for the chars. Nevertheless, in the use of these chars for CWAO by Marques et al. 
[43], the leaching test was performed by filtering the solution after the CWAO experiments 
and solutions were studied for metals including; Cu, Cr, Mn, Mg, Ca and Fe. The CWAO was 
run under acidic and high heat (160°C) conditions. Thus, it should be noted that these were 
very aggressive conditions, so higher metal leaching compared to neutral conditions (such as 
in WWTP) could be expected. The leaching test results of the chars are shown in Table 4-9 
[43]. 
 
Table 4-9 Metal concentration measured in the liquid filtrate after 4 hours of CWAO reaction 
 
*pHsolpH of filtrated solution after 4 hours of reactions; n.d.not detected 
 
Based on the results for DRAW chars in Table 4-9 (PR1,4,15), it can be seen that the leaching 
of key of metals decreases with increasing carbonization temperature except for Ca, which 
would show enhanced solubility due to the decomposition of Ca compounds forming  CaO 
etc. Thus, due to its alkaline nature, high quantity in sludge and high solubility in water, it 
could be easily leached out during the experiment especially in an acidic and high temperature 
condition like in CWAO. According to the decomposition of CaCO3 to CaO at 825°C, CaO is 
more soluble than CaCO3. Thus, the lower temperature of carbonization, the less CaO is 
formed and CaCO3 is not so easily leached, slower Ca leaching occurs. Hence, this gives the 
reason why Ca leaching from FTIR PR15 is more than PR4. 
 
The anticipated application for the chars produced was in PAC form at a WWTP, under which 
the conditions are ambient temperature and neutral pH. Therefore, the of use sludge as a 
feedstock should not be problem with respect to metal leaching. Nevertheless, examination of 
metals leaching into the final effluent should be carried out, especially for Zn in case of 
DMAD chars because an over-limit discharge could be bio-toxic [222]. Also, the Na and the 
Ca & Mg ratio should be assessed as these are important in determining the sodium 
 
Experimental condition 
(Heating rate/Max 
temp/ Dwell time) 
mg/l 
Fe Cu Cr Mn Mg Ca pHsol* 
PA12 5/1000/0 4.4 0.2 n.d. 2.8 59.7 21.2 4.9 
PR1 5/250/0 125.0 1.2 1.4 1.1 4.4 4.4 3.8 
PR4 5/500/0 9.2 0.2 0.2 0.6 67.1 12.8 4.5 
PR15 5/1000/0 0.1 n.d. n.d. n.d. 4.9 75.0 7.1 
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adsorption ratio, which is used to assess the suitability of treated effluent for agricultural use 
[6].  
 
4.4 RESULTS III: BISPHENOL A ADSORPTION BY SLUDGE CHARS 
 
4.4.1 Bisphenol A adsorption isotherms 
 
Adsorption isotherms were performed on selected DRAW and DMAD chars in order to 
evaluate their adsorption capacities for BPA. The BPA adsorption data was modelled to 
Freundlich, Langmuir (using both linear equations 1-9 and 1-10) and Temkin equations in 
order to find the best fitted model equation and adsorption capacities of BPA by chars.  
 
The adsorption parameters relating to these three model equations and normalized percent 
deviation (P) obtained from the BPA adsorptions by chars are reported in Table 4-10.  The P 
values were given as better criteria to test the goodness of fit for adsorption data to isotherm 
model equation, the calculation method of these values is described in APPENDIX IV, 
section 12.5.2.  There are many literature reports which use the P values and it has been 
mentioned that P value lower than 5 indicate an excellent fit to adsorption data [57, 58, 223-
225]. The plots of qe versus Ce of the BPA adsorption by DMAD and DRAW chars are shown 
in Figure 4-25 and 4-26, respectively and the adsorption data fitted to model equations were 
also given for the chars produced between 800 and 1000°C.  
 
Based on the adsorption data in Figure 4-25 and 4-26, it could be generally said that all of the 
BPA adsorption data for chars exhibit “type L isotherm” or “Langmuir” with the sub-group 
2c according to Giles classification of liquid/solid isotherm shape [55]. The “type L isotherm” 
indicates that the BPA molecules are adsorbed flat or occasionally on the vertical with 
particularly strong intermolecular attraction. The sub-group 2c indicate that the SBAs are 
microporous but probably the accessible internal area is relatively low and comparable with 
the external area [55], which is probably because micropore and accessible pores are still 
closed due to the result of carbon consolidation.  
 
It can be seen from the results in Table 4-10 that the adsorption performance of the chars were 
quite low, especially when produced at a carbonization temperature below 700°C. As a result, 
the R2 and the P values of BPA adsorption by chars below 700°C are too low and too high, 
respectively, indicating that the adsorption data were not in good agreement with the 
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 Table 4-10 Parameter of Freundlich, Langmuir, Temkin adsorption isotherm equations of BPA adsorption by DMAD2 and DRAW2 and DRAW3 
chars  
ID* 
Exp. Cond.* 
Freundlich   Langmuir, 1/qe vs 1/Ce (Eq.1-10)   Langmuir, Ce/qe vs Ce (Eq.1-9)   Temkin  
  k 1/n R2 P   Qmax b RL R2 P   Qmax b RL R2 P   B** A R2 P 
PA4 5/500/0 NA NA NA NA 
 
NA NA NA NA NA 
 
NA NA NA NA NA 
 
NA NA NA NA 
PA5 5/600/0 0.02 1.26 0.752 36.5 
 
-1.36 -0.012 -7.941 0.915 184.8 
 
-4.73 -0.006 2.078 0.166 34.5 
 
1.5 0.13 0.691 47.1 
PA6 5/700/0 0.65 0.53 0.880 10.6 
 
10.50 0.021 0.341 0.966 7.2 
 
8.48 0.034 0.247 0.966 6.2 
 
2.0 0.29 0.935 6.9 
PA8 5/800/0 1.59 0.46 0.902 8.5 
 
15.85 0.033 0.249 0.978 4.9 
 
14.18 0.044 0.200 0.987 4.6 
 
3.3 0.38 0.951 5.5 
PA11 5/900/0 9.36 0.24 0.917 4.7 
 
28.41 0.127 0.080 0.978 2.9 
 
28.25 0.134 0.076 0.990 3.2 
 
4.9 2.80 0.920 4.2 
PA12 5/1000/0 14.96 0.22 0.980 2.2 
 
40.00 0.173 0.060 0.985 2.5 
 
41.84 0.129 0.079 0.997 3.2 
 
6.6 4.30 0.989 1.5 
PA14 5/600/120 0.13 0.87 0.869 46.3 
 
-39.22 -0.002 1.215 0.948 41.4 
 
16.18 0.007 0.627 0.372 47.9 
 
2.2 0.14 0.937 45.7 
PA16 5/700/120 1.29 0.44 0.947 6.1   11.22 0.041 0.214 0.983 3.7   11.26 0.040 0.216 0.983 3.7   2.6 0.36 0.963 4.3 
PR4 5/500/0 NA NA NA NA 
 
NA NA NA NA NA 
 
NA NA NA NA NA 
 
NA NA NA NA 
PR5 5/600/0 0.30 0.61 0.775 11.9 
 
6.90 0.019 0.368 0.630 14.1 
 
11.90 0.008 0.591 0.424 12.3 
 
2.3 0.09 0.778 14.0 
PR7 5/700/0 0.17 0.89 0.886 14.2 
 
-57.80 -0.002 1.193 0.951 20.0 
 
27.17 0.005 0.691 0.292 12.5 
 
3.1 0.13 0.924 11.6 
PR10 5/800/0 1.71 0.48 0.932 7.1 
 
18.69 0.032 0.254 0.984 4.2 
 
17.67 0.037 0.230 0.962 4.4 
 
4.1 0.33 0.966 4.7 
PR14 5/900/0 8.15 0.29 0.968 3.7 
 
31.25 0.104 0.096 0.961 4.3 
 
33.78 0.074 0.129 0.987 4.5 
 
6.4 1.19 0.961 3.1 
PR15 5/1000/0 15.85 0.24 0.995 1.2 
 
44.84 0.177 0.059 0.939 4.5 
 
49.02 0.105 0.095 0.995 5.3 
 
8.1 2.97 0.986 1.9 
PR16 5/600/0 0.11 0.77 0.590 24.4 
 
4.98 0.016 0.411 0.426 26.8 
 
22.68 0.002 0.843 0.022 23.8 
 
2.1 0.06 0.612 28.5 
PR18 5/600/120 0.001 1.82 0.994 4.5 
 
-1.82 -0.008 4.179 0.993 9.2 
 
-2.05 -0.008 3.481 0.960 5.9 
 
3.4 0.03 0.870 31.3 
PR19 10/700/0 0.15 0.76 0.994 9.6 
 
9.62 0.009 0.542 0.986 8.5 
 
9.97 0.009 0.555 0.708 8.6 
 
1.7 0.13 0.891 11.9 
PR21 5/700/120 0.03 1.16 0.965 11.4   -7.85 -0.005 1.805 0.979 12.8   -11.81 -0.004 1.465 0.349 10.2   2.3 0.08 0.832 37.2 
*experimental conditions (heating rate/carbonization temperature/dwell time) 
* PR4-PR15 using DRAW2 sludge; PR16-21 using DRAW3 sludge; PA4-PA16 using DMAD2 sludge 
** B = RT/b 
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Figure 4-25 BPA adsorption isotherms exhibited by DMAD2 chars; calculated from -----Freundlich, – – – Langmuir (1/qe vs 1/Ce), ··········Langmuir 
(Ce/qe vs Ce), —– Temkin model equations 
0
5
10
15
20
25
30
35
40
45
50
0 10 20 30 40 50 60 70 80 90
q
e
(m
g/
g)
Ce (mg/l)
PA5
PA6
PA8
PA11
PA12
PA14
PA16
  147 
 
Figure 4-26 BPA adsorption isotherms exhibited by DRAW2, 3 chars; calculated from -----Freundlich, – – – Langmuir (1/qe vs 1/Ce), ··········Langmuir 
(Ce/qe vs Ce), —– Temkin model equations 
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mathematical models. Because of the low BPA adsorption performance exhibited by the 
chars, it is quite difficult to indicate which adsorption model equation is best fitted to the BPA 
adsorption data. Nevertheless, based on the BPA adsorption by chars at 700°C and over, it 
could be generally said that the adsorption capacities of BPA as determined by the k and Qmax 
values from the Freundlich and Langmuir adsorption models respectively, are increasing with 
the carbonization temperature of the sludge. Both of the versions of the Langmuir linear 
equation provided a slightly better fit to most of adsorption data, as indicated by the P and R2 
value, especially in the case of DMAD chars. Thus, this might indicate that the adsorption by 
most chars are of monolayer character and adsorption of each molecule has equivalent 
activation energy [226]. Based on the Langmuir linear equation 1-10, which gives the higher 
P value for the BPA capture by high temperature chars, the maximum BPA adsorption 
capacities (Qmax values) are 45 and 40_mg/g for DRAW and DMAD chars at 1000°C (PR 15 
and PA12), respectively. Moreover, the magnitude of the Langmuir constants (b) is increasing 
with carbonization temperature from 0.032-0.177_mg/l and 0.021-0.173_mg/l for carbonized 
DRAW (PR10, 14, 15) and DMAD (PA6, 8, 11, 12), respectively. These values are largely 
determined by the heat of adsorption [226] and are indicating a high heat of adsorption (strong 
adsorption) with chars prepared at higher temperatures. 
 
Nevertheless, it is also interesting to note that both of the 1000°C chars exhibited higher P 
values of Freundlich and Temkin models than the Langmuir model. This could be explained 
by the observation that, at this temperature, the micropores were widening and produced more 
mesopores and thus the BPA molecules can more easily access the SA. Maximum adsorption 
capacities determined by the Freundlich model (k values) were 16 and 15_(mg/g)(l/mg)1/n for 
DRAW and DMAD chars, respectively. 
 
Considering the influence of carbonization dwell time on the BPA adsorption capacities, it is 
quite interesting to note that the longer dwell time created a negative effect on the BPA 
adsorption in the case of DRAW sludge. Conversely, for DMAD sludge the adsorption 
capacities increased with carbonization dwell time. These results might be explained by the 
observation that the longer carbonization dwell time enhanced carbon consolidation. Thus 
some of the accessible pores may contract, creating a restriction so limiting the BPA 
molecules’ access to smaller pores inside the DRAW chars structure. In the case of DMAD 
chars, the high ash content may provide a dual benefit during carbonization. Firstly, the ash 
particles may help prevent pore contraction keeping pores open. Secondly, the inorganic 
content might also behave as a very mild activating reagent that catalyses burnt-off the 
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carbonaceous content in DMAD sludge, creating wider pores. Further investigation would be 
needed to confirm these hypotheses. Thirdly, it may be possible that basic-acid sites interact. 
 
The BPA adsorption by chars, produced at 900°C and over (PR14-15 and PA11-12), had  
separation factor (RL) values very close to 0, indicating the adsorption isotherm were very 
favourable (irreversible). All the intensity of adsorption (1/n) values by Freundlich are 
favourable, with values between 0 to 1 for the BPA adsorption by chars, except for PR18, 
PR21 and PA5, which were produced at low carbonization temperature ≤ 700°C and long 
carbonization dwell times.   
 
The BPA Freundlich adsorption capacities observed for sludge char are comparable to those 
of carbonized sawdust (18_(mg/g)(l/mg)1/n) and better than commercial carbon obtained from 
Wako pure chemical industries (9.2 (mg/g)(l/mg)1/n) and from Takeda chemical industry (9.9 
(mg/g)(l/mg)1/n) [138, 139] even though the BET SA of these two commercial carbons are 
much higher than the sludge chars (1350 and 1119_m2/g, respectively). The explanation of 
this different behaviour is probably due to the case that the high BET SA of these two 
commercial carbons contain very narrow micropores which are not accessible to the BPA 
molecules.  
 
Nevertheless, the BPA adsorption capacities obtained in this study are low compared to 
carbonized bamboo (25 (mg/g)(l/mg)1/n, Freundlich), carbonized almond shells (189_mg/g, 
Langmuir)  and other commercial carbons (see Table 1-9 in Chapter 1). This is simply due to 
the fact that sludge contains much lower carbon contents than the raw material used to make 
commercial carbons. Thus, there is less opportunity to form carbon pores. Moreover, some of 
the inorganic elements remaining in sludge chars that exhibited the hydrophilic property 
might expel the BPA molecule. A further acid washing step may help to increase the BPA 
adsorption capacity through removal of Ca, SO4
2- and PO4
3- ions, as reported elsewhere [118]. 
Nevertheless, HCl washing of sludge chars will unnecessarily increase the production cost 
and thus reduce the economic attractiveness of using the chars for BPA adsorption. 
 
4.4.2 Bisphenol A Surface area 
 
Langmuir adsorption (Eq. 1-10), generally shows the best fit to the BPA adsorption data 
based most upon the ‘P’ values determined earlier, for sludge chars produced above 700°C. 
These are summarized in Table 4-11. 
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Table 4-11 BPA SA and % difference to the BET SA of sludge chars 
 
*Experimental conditions  heating rate/carbonization temp/dwell time; **% Difference = (SBET-SBPA)/SBET 
x100 
 
With reference to the adsorption isotherms in Figures 4-25 and 4-26, the result indicated a 
type L adsorption isotherm according to the Giles classification of liquid/solid isotherm 
shapes [227]. The molecular structure of BPA is tetrahedral [118] and thus the molecule 
should be adsorbed flat on one side of its shape or can occasionally be in the vertical 
orientation.  The orientation of BPA molecules adsorbed on the adsorbents can be classified 
into 4 adsorbed forms; CH3-OH-OH, CH3-CH3-OH, -OH and –CH3 as shown in Figure 4-27. 
 
 
 
 
 
Figure 4-27 Structure of Bis-Phenol A 
  
There is limited information on the BPA molecular structure, where only the height and 
distance between two hydroxyl groups were known. Therefore, the calculation of the SA for 
each plane of the BPA molecule was not possible, although knowing this would be very 
helpful. Regarding this problem, the SBPA was calculated by using a base plane SA obtained 
from the average SA of BPA molecular (4.32 nm2) [118] divide by 4, which is equivalent to 
1.08 nm2. From this, the SA of SBAs and commercial carbon, as determined by the 
monolayer adsorption capacity of BPA, can be calculated by using equation 1-17. The 
calculation method is shown in APPENDIX IV, section 12.5.3.  
 
From the result in Table 4-11, it can be seen that the SBPA values are lower than those of SBET. 
There are many factors that could affect these results. Firstly, the area of an N2 molecule (1.62 
x 10-19 m2/molecule) is 7 times smaller than a BPA molecule (10.8 x 10-19 m2/molecule). 
ID  Experimental conditions* SBET 
  Langmuir (1/qe vs  1/Ce)   
  P SBPA % diff**   
PA6 5/700/0 85 
 
7.2 30 65 
 PA8 5/800/0 113 
 
4.9 45 60 
 PA11 5/900/0 136 
 
2.9 81 41 
 PA12 5/1000/0 153 
 
2.5 114 26 
 PA16 5/700/120 97   3.7 32 67 
 PR10 5/800/0 104 
 
4.2 53 49 
 PR14 5/900/0 147 
 
4.3 89 39 
 PR15 5/1000/0 150   4.5 128 15   
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Therefore, the N2 molecules can access much smaller pores than BPA. This is especially true 
with pore diameters of chars less than 1_nm, where the BPA molecules are unable to fit. 
Secondly, it may be the case that BPA molecule orientation was such that the larger CH3-
CH3-OH side adsorbed on the surface of chars more than the CH3-OH-OH side. Therefore, 
the SBPA might show a lower calculation value than expected. Thirdly, there is a small degree 
of interaction forces between the BPA molecules (solute) and the water (solvent) while these 
forces are non-existent in N2 gas adsorption [228]. Based on this assumption, N2 is more 
readily adsorbed than BPA.  
 
Another point worth mentioning is that the % difference between SBPA and SBET decreases 
with increasing carbonization temperature. This corresponds with the micropore and 
mesopore development with increased temperature. Thus, the widening of the pore structure 
would be beneficial for the adsorption of BPA.  The carbonization dwell time, in the case of 
DMAD char at 700°C, only had a slight effect on the development of SBPA. The % difference, 
as an indication of pore development, are almost the same for the carbonization dwell times 
between 0 and 120 min.  
 
4.5 SUMMARY 
 
The preceding data and discussion has compared the chemical and physical properties of 
several different sludge samples of different origin, treatment and collected over several 
seasons. The different treatment methods produced sludge with distinct properties and 
composition. The seasonal variation has minimal effect on the nature of the volatile matter of 
the studied sludge but the fixed carbon, volatile matter and ash content ratios were different. 
A large temperature difference between winter and summer time seem to influence the 
degradation of volatile matter within both sludge types resulting in lower carbon and higher 
ash content being reported. 
 
DMAD2 and DRAW2 chars obtained at 600°C and above, showed consistent oil yields of 
24_% and 40_% wt, respectively. Char yields decreased with increased carbonization 
temperature with the DMAD chars yielding 15_% more than DRAW chars when compared at 
the same carbonization temperature.  
 
Over 90_% of the inorganic matter are retained on both types of sludge chars after 
carbonization up to 1000°C. Chars produced between 700-1000°C exhibited carbon and ash 
  152 
content of 23-24_% and 70-80_% for DMAD chars, and 32-33_% and 60-70_% for DRAW 
chars, respectively. 
 
The highest BET SA of 153_m2/g and 150_m2/g were obtained by DMAD and DRAW sludge 
carbonized at 1000°C, respectively. The highest micropore volumes of 0.04323_ml/g and 
0.05736_ml/g were obtained from DMAD and DRAW sludge carbonized at 900°C, 
respectively. The highest BET SA per batch (multiply by char yield) for DMAD and DRAW 
chars were obtained at 1000°C and 900°C, respectively.  
 
Application of the sludge chars for BPA adsorption showed that the data fitted well with the 
Langmuir models where sludge samples were fully carbonized. The chars produced at 1000°C 
showed BPA adsorption data that fitted better to the Freundlich and Temkin rather than 
Langmuir equations.  
 
The highest BPA adsorption were obtained from DMAD and DRAW chars at 1000°C 
showing Langmuir Qmax values of 40 and 45_mg/g, respectively; and the Freundlich k values 
of 16 and 15_(mg/g)(l/mg)1/n, respectively. These BPA adsorption capacities are comparable 
to that exhibited by some commercial carbons. The highest BPA adsorption per batch for both 
sludge chars were also obtained at 1000°C.  
 
The physical properties of sludge char (SA) and a highly hydrophobic nature caused by the 
removal of oxygen containing surface groups play a major role in BPA adsorption.  
 
Overall, from analysis of the characterization results of chars, the influential factors which 
most affected the sludge chars properties are (in decreasing order): carbonization temperature 
> seasonal variation (see table 4.1) > carbonization dwell time > heating rate. Among these, 
the carbonization temperature plays an important role while the other three factors are only 
play a minor effect to the char properties and its behaviour to BPA adsorption performance.  
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5 STEAM ACTIVATION OF SEWAGE SLUDGE 
 
5.1 INTRODUCTION 
 
Physical activation using partial gasification under mildly oxidising conditions is a good 
method to produce higher SA adsorbents after carbonization. Gas such as steam, CO2, air or a 
mixture of these gases can help to open blocked pores on the sludge chars. The physical 
activation method has already been discussed in section 1.2.3.2. Steam was chosen as the 
preferred activating agent in this chapter while the CO2 activation was also studied by a co-
research group and that work has been reported in the research paper entitle “Re-use of sludge 
as AC for industrial waste water treatment” [168].  
 
The production of SBAs by steam activation has been previously reported using different 
sludge types including; paper mill sludge, viscous liquid sludge and municipal WWTP sludge 
[2]. None of them mentioned using DRAW or DMAD sludge, except in the paper published 
with project collaborators [43]. Most of this research used two step processes with 
carbonization at 600-700°C and then activation between 700-800°C [2]. The highest SA of 
226_m2/g was obtained using municipal viscous liquid sludge carbonized at 600°C for 1 hour 
and steam activated at 760°C for 30 mins [158, 229]. Kojima et al. [170] were the only group 
to employ a single step activation process, which yield a highest SA of 97_m2/g using the 
activation temperature and time of 550°C and 60 mins, respectively. However, this activation 
temperature is definitely too low for steam activation given the effective range of activation 
temperature is usually above 700°C [36] and thus a higher SA could be achieved at higher 
temperature. Additionally, the SBAs produced by steam activation were successfully used as 
adsorbents for phenol, metal cations Cu2+ and dyes such as methylene blue and acid red 18 
[158, 170, 229-232]. The detail regarding these uses has been discussed by Smith et al. [2]. 
This research is focused on the use of SBA in adsorption of EDCs using BPA as a study 
molecule, which is a new application for SBAs. 
 
In this chapter, a single step process for steam activation of DRAW and DMAD sludge is 
reported which used RSM experimental design to optimise the preparation of steam activated 
sludge based adsorbents (SASAs). Conditions studied included activation temperature and 
time. The SBAs produced by the steam activation method were subjected to physical and 
chemical characterisation already described in Chapter 3. All the results were optimised by 
RSM in order to find the best production conditions based on SA that could be applied to 
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various sludge types including DSBS, KAN, KAW and GOS sludge. The SBAs produced 
from these sludge types were also subject to physical and chemical characterisation. The 
SASAs produced by DRAW and DMAD sludge were subjected to the BPA adsorption tests. 
The optimised production conditions including activation temperature and time, as determined 
by the BPA adsorption capacities, could then be determined by the use of RSM.  
 
5.2 RESULTS I: STEAM ACTIVATION OF SLUDGE AND 
CHARACTERIZATION OF SASAs 
 
The RSM design for the experimental conditions, including activation time and temperature 
have been discussed in section 3.3.2.1 and the steam activation methodology in section 
3.2.5.2. DMAD2 and DRAW3 sludge were used for the steam activation experiment. 
 
After applying regression analysis of the design matrix to response result of SASAs, the final 
model in terms of coded factors was created. ANOVA of all SASA responses fit to the 
quadratic model equation that were significant due to F-values > F-critical value, Prob>F 
less than 0.05 and R2 ≥ 0.8 are reported. The coefficient estimation of each response model 
equations are shown underneath the experimental result from each response. The model term 
based on student’s t-test (Prob>|t|) is marked as ** as a significant for Prob>|t| less than 0.05 
and * for Prob>|t| between 0.05 and 0.1 while Prob>|t| greater than 0.1 is insignificant. 
Number after the stars indicate significant ranking of model terms. Full results regarding to 
ANOVA and student’s t-test are given in APPENDIX I, section 12.2.6. 
 
5.2.1 Production yields and steam gasification reaction 
 
5.2.1.1 Production yields 
 
SASA, oil and gas yields obtained from the experimental results of the steam activation of 
DMAD2 sludge (SAMS1-SAMS12) and DRAW3 sludge (SARS1-SARS12) are shown in 
Table 5-1. The coefficient estimation of the fitted model equation for each experiment 
response and the mark of significance of each individual term are also shown in Table 5-1.      
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Table 5-1 SASA, liquid and gas yields of SASAs and coefficient estimations for fitted model 
equations 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 
0.1) 
 
An example of the fitted model equation of SASA yield (%) of SAMS in terms of code value 
is given in Equation 5-1.  
 
𝑌𝐴1 = 47.2 − 2.5𝑋1 − 1.9𝑋2 − 0.7𝑋1𝑋2 − 0.6𝑋1
2 + 0.3𝑋2
2      Equation 5-1           
 
From the results in Table 5-1 and Prob>│t│ value in APPENDIX I section 12.2.6, the most 
significant model terms for SASA, liquid yields are X1 (a1 value) and X2 (a2 value) while the 
term X1X2, X1
2 and/or X2
2 are less important. Strong negative effect from temperature (X1) and 
time (X2) means that increasing temperature or time resulted in a reduction of SASA yield. 
Temperature has a more significant influence than time in case of SAMS while the opposite 
influence is observed in the case of SARS. The reduction of SASA yield due to the effect of 
temperature and time can be explained that as the temperature increases, a larger variety of 
gasification reactions can occur more quickly and for longer, thus a higher amount of carbon 
was removed. The effect of temperature (X1) and time (X2) on SASA yields could be clearly 
seen in the response plots of the SASA yields (%) in Figure 5-1.  
 
Temp/Time 
(
o
C/min) 
Code 
X1/X2 
SAMS (DMAD feedstock)   SARS (DRAW feedstock) 
 Solid 
(SASA) 
Solid 
(SASA) Liquid Gas 
 
Solid 
(SASA)  
Solid 
(SASA) Liquid Gas 
ID (%) (g) (g) (g)   (%) (g) (g) (g) 
1 750/20 -1/-1 50.7 106.5 59.7 57.8 
 
30.3 63.6 89.5 70.9 
2 900/20 1/-1 47.4 99.6 55.2 69.2 
 
26.3 55.2 87.3 81.5 
3 750/100 -1/1 47.7 100.1 99.5 80.4 
 
26.0 54.6 133.5 91.9 
4 900/100 1/1 41.8 87.7 82.6 109.7 
 
18.8 39.4 111.8 128.8 
5 825/60 0/0 47.2 99.1 77.1 75.8 
 
25.0 52.4 103.9 95.7 
6 825/60 0/0 47.0 98.7 75.8 77.5 
 
24.8 52.1 104.2 95.7 
7 719/60 - /0 49.9 104.7 80.8 66.5 
 
28.5 59.9 113.4 78.7 
8 931/60 /0 42.2 88.6 63.2 100.2 
 
21.0 44.0 94.4 113.6 
9 825/3 0/-  50.0 105.1 55.1 51.9 
 
29.2 61.3 84.4 66.4 
10 825/117 0/  45.4 95.3 92.7 103.9 
 
22.0 46.1 132.5 113.3 
11 825/60 0/0 47.3 99.3 73.1 79.6 
 
25.1 52.8 100.8 98.4 
12 825/60 0/0 47.3 99.3 73.0 79.7   25.1 52.8 104.1 95.1 
Coefficient estimate YA1 YA2 YA3 YA4   YR1 YR2 YR3 YR4 
a0 47.2 99.1 74.8 78.2 
 
25.0 52.5 103.3 96.2 
a1 -2.5**1 -5.3**1 -5.8**2 11.0**2 
 
-2.7**2 -5.8**2 -6.4**2 12.1**2 
a2 -1.9**2 -4.0**2 15.0**1 17.1**1 
 
-2.8**1 -5.8**1 17.1**1 16.8**1 
a12 -0.7**4 -1.4**4 -3.1*3 4.5**3 
 
-0.8**3 -1.7**3 -4.9**3 6.6**3 
a11 -0.6**3 -1.2**3 -1.1 2.3* 
 
-0.1 -0.2 0.2 0.0 
a22 0.3 0.6 -0.1 -0.5   0.3**4 0.7**4 2.4**4 -3.1**4 
 R2 0.9886 0.9888 0.9807 0.9902   0.9960 0.9961 0.9964 0.9979 
 
  156 
 
(a) 
                      
                                         (b)                                                              (c) 
Figure 5-1 % SASA yields a) surface plot, b) contour plot SAMS and c) contour plot SARS 
 
The difference in the influence factor between X1 and X2 from different sludge types was 
caused by the higher carbonaceous matter and volatile matter in DRAW over DMAD sludge. 
Thus, a longer residence time could result in a higher carbon burn-off and a higher volatile 
release from DRAW, which would result in a higher influence from time (X2). From Figure 5-
1 a), it can be said that SASA yield of SAMS is generally higher than SARS by 
approximately 20_%. From the carbonization of sludge result (see section 4.3.1.1), the 
difference in the char yields between sludge types is 15_%. Thus, the additional 5_% 
difference between char and SASA yields could be due to two reasons. Firstly, the volatile 
content of the sludge collected from different seasons, where DRAW3 sludge give a 3_% and 
4_% lower and higher carbon and ash content, respectively, than DRAW2 sludge. Secondly, it 
could reflect from the higher carbon burn-off from DRAW vs. DMAD sludge, as stated 
earlier. 
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From the result in Table 5-1 and Prob>│t│ value in APPENDIX I, the most significant model 
terms for gas (gas from carbonization + gas from steam activation) and liquid (oil from 
carbonization + excess condensed steam) yields are X1 (a1 value), X2 (a2 value) and X1X2 (a12 
value). For gas yields, a strong positive effect from temperature (X1), time (X2) and interaction 
of temperature and time (X1X2) indicate that increasing temperature and/or time is resulting in 
an increased gas yield. Similarly, increasing time (X2) also increase liquid yield. However, 
increasing temperature (X1) or increasing temperature with time (X1X2) results in a reduction 
of liquid yield. These response effects of gas and liquid yield of SASAs are shown in Figure 
5-2 and 5-3, respectively.  
 
 
(a)             
                   
                                            (b)                                                                (c) 
Figure 5-2 Gas yields of SASAs a) surface plot, b) contour plot SAMS and c) contour plot 
SARS 
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  (a) 
                    
                                              (b)                                                              (c) 
Figure 5-3 Liquid yields of SASAs a) surface plot, b) contour plot SAMS and c) contour plot 
SARS 
 
A large negative correlation coefficient (R) between gas yields and SASA yields (based on 
real weight) of -0.9269 and -0.9804 for SAMS and SARS show that the gas releases are, 
unsurprisingly, mainly derived from the gasification reaction with sludge char. Conversely, R 
between liquid and gas or SASA yield are low (less than 0.8). Nevertheless, a higher liquid 
yield at the longer activation time could be caused by the amount of steam which was applied 
for a longer time while the amount of carbonaceous content in sludge available to react with 
the steam was reducing with time. Franco et al. [36] mentioned that a higher gas yield with a 
lower SBA yield and liquid yield when increasing the temperature is caused by a further 
cracking of liquids and enhanced the char reaction with the gasifying medium.  
 
The gas yields obtained from both sludge are quite similar, with that of SARS being slightly 
higher than the SAMS.  Considering the carbonization of both sludge (reported in section 
4.3.1.1) each sludge type yielded the same gas amount with increasing carbonization 
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temperature and a stable oil yield over 600°C. At elevated temperature, the SARS gave a 
higher gas yield which can be attributed to endothermic char gasification reactions alongside 
steam reforming and cracking of heavier hydrocarbons and tars.  
 
5.2.1.2 Carbon burn-off and partial steam gasification reaction 
 
Table 5-2 shows the degree of activation including carbon burn-off, total water used for the 
gasification reaction and gasification reaction rate obtained by both type of SASAs. Further 
detail regarding to these calculations is provided in APPENDIX V. 
 
Table 5-2 Degree of activation of SASAs and coefficient estimations for fitted model 
equations 
#only 11 run was used for the response, further explanation are given in APPENDIX V 
 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 
0.1)  
 
 
 
Temp/
Time 
X1/X2 
  SAMS       SARS   
 
Carbon 
burn-off 
Total water  
used for 
gasification 
gasification 
rate 
 
Carbon 
burn-off 
Total water  
used for 
gasification 
gasification 
rate 
ID (%) (g) (g/min)   (%) (g) (g/min) 
1 -1/-1 1.0 6.4 0.32 
 
1.6 8.1 0.41 
2 1/-1 0.5 10.9 0.55 
 
0.8 10.3 0.52 
3 -1/1 4.0 22.6 0.23 
 
5.9 20.1 0.20 
4 1/1 6.1 39.5 0.39 
 
8.3 41.8 0.42 
5 0/0 2.6 17.0 0.28 
 
4.5 21.7 0.36 
6 0/0 2.8 18.3 0.31 
 
4.7 21.4 0.36 
7 - /0 2.6 13.3 0.22 
 
4.4 12.2 0.20 
8 /0 4.9 30.9 0.52 
 
5.1 31.2 0.52 
9 0/-  0.0 -0.9 -0.30 
 
0.3 1.3 0.43 
10 0/  4.4 41.3 0.35 
 
7.5 33.0 0.28 
11 0/0 2.5 21.0 0.35 
 
4.4 24.8 0.41 
12 0/0 2.5 21.1 0.35   4.4 21.5 0.36 
Coefficient 
 estimate                       YA5 YA6
#
 YA7
#
   YR5 YR6 YR7 
a0 2.6 19.4 0.32 
 
4.5 22.4 0.37 
a1 0.6**
2
 5.8**
2
 0.10**
1
 
 
0.3**
3
 6.3**
2
 0.10**
1
 
a2 1.9**
1
 12.1**
1
 -0.06**
2
 
 
2.7**
1
 11.0**
1
 -0.07**
2
 
a12 0.7**
4
 3.1* -0.02 
 
0.8**
2
 4.9**
3
 0.03 
a11 0.6**
3
 0.7 0.02 
 
0.1 -0.2 0.00 
a22 -0.2 1.1 0.04**
3
   -0.3**
4
 -2.4**
4
 0.00 
R2 0.9688 0.9722 0.9546   0.9924 0.9929 0.9440 
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                                          (a)                                                           (b) 
    
                                          (c)                                                           (d) 
   
                                        (e)                                                            (f) 
Figure 5-4 Contour plot of % carbon burn-off a) SAMS and b) SARS; total water used for 
gasification c) SAMS and d) SARS; gasification rate e) SAMS and f) SARS 
 
From the data in Table 5-2 and Prob>│t│ value in APPENDIX I, the most significant model 
terms for steam gasification rate of SAMS and SARS are X1 (a1=0.10) and X2 (a2=-0.06 for 
SAMS and a2=-0.07 for SARS), respectively. These results show that increasing temperature 
increases the rate of the gasification reactions while longer activation time results in a slower 
average rate of gasification reactions. This confirms the well-recognised fact that the steam 
gasification reactions are dependent on the activation temperature [36, 38]. The negative 
influence of longer activation time could imply that the majority of the char has been gasified 
at an earlier activation time and the remaining carbon fraction is less reactive. In contrast, an 
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increase of temperature and/or time still results in an increase in total water used for the 
gasification reaction and carbon burn-off from both SAMS and SARS, due to positive 
influence from the significant model terms including X1, X2 and X1X2.  
 
The result of the response plot of carbon burn-off, total water used for gasification reaction 
and gasification rate of both SASAs are shown in Figure 5-4. A high positive R between 
carbon burn-off and total water used for gasification reaction of 0.9231 and 0.9112 are also 
observed for SAMS and SARS, respectively. 
 
Several gasification reactions could occur during steam activation, which are temperature 
dependent [36, 38]. The occurrences of reactions are dependent mainly on temperature. Based 
on the pyrolysis and gasification of biomass by Franco et al. [36], generally the water gas-
shift reaction appeared to be dominant in the temperature range 730-830°C, while the 
Boudouard reaction is also becoming more influential in the temperature range between 830-
900°C. Thus, as there are more reactions at the higher activation temperature, this could 
explain the higher gasification rate of both sludge types. It is worth noting that inorganic 
content is also a major component in sludge and thus the decomposition of components such 
as CaCO3 could influence the higher Boudouard reaction rate. Also, other inorganic content in 
the sludge could catalyse the activating agent (steam) and result in further enhanced reactions, 
which could also influence gasification.  
 
5.2.2 Physical characterization 
 
5.2.2.1 Ash content  
 
The percentage result of experimental, calculation, difference of ash content calculation and 
coefficient equation for each response are shown in Table 5-3 and Figure 5-5.  
 
For experimental ash and calculated ash content of SAMS and SARS, the most significant 
model terms are X1, X2 and X1X2, respectively. A high negative R of ≤ -0.98 are found 
between ash content (experiment and calculation) and SASA yield. These results indicate that 
increasing the activation temperature and/or time resulted in an increase of ash content, which 
occurred due to the large carbon burn-off at high activation temperature and time. Similarly, 
the most significant model terms for % ash removal (% different between experimental and 
calculated ashes) of SAMS and SARS are X1 and X2, respectively. These results indicate that 
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increasing the temperature and/or time result in a higher loss of inorganic content from the 
SASAs. 
 
Table 5-3 Ash content of SASAs and coefficient estimations for fitted model equations 
 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 
0.1) 
 
It can be seen from Figure 5-5 a)-c) that the ash content of both SASAs are almost the same at 
high activation temperature and time, due to the fact that at these conditions, the carbonaceous 
content has been fully gasified, thus the ash is the only remaining component. Steam 
gasification created nearly no influence on ash removal from DMAD sludge (Figure 5-5 e)) 
when compared it to % ash removal obtained from DMAD char (section 4.3.3.1). However, a 
significant influence was observed in the case of DRAW sludge. This result imply that 
inorganic components in sludge act as a catalyst for gasification reactions in the case of 
DRAW sludge. Ash content obtained by steam activation of municipal sewage sludge by 
Fitzmorris et al. [231] was 80_%, which is in the same range of the values obtained in this 
research. CAC yield a much lower ash content of 32, 12 and 6_% for Hydrodarco C, Pulsorb 
Pax and Filtrasorb 400, respectively. 
 
Temp/Time 
X1/X2 
  SAMS       SARS   
 experimental 
ash 
calculated 
ash 
Ash 
removal 
 
experimental 
ash 
calculated 
ash 
Ash 
removal 
ID (%) (%) (%)   (%) (%) (%) 
1 -1/-1 76.5 79.7 3.2 
 
54.6 67.3 12.7 
2 1/-1 80.5 85.2 4.7 
 
61.5 77.6 16.1 
2 -1/1 80.5 84.7 4.2 
 
61.0 78.5 17.5 
4 1/1 88.7 96.7 8.0 
 
80.0 100.0 20.0 
5 0/0 81.0 85.6 4.6 
 
63.5 81.6 18.1 
6 0/0 81.5 86.0 4.5 
 
63.2 82.3 19.1 
7 - /0 78.3 81.0 2.7 
 
56.1 71.6 15.5 
8 /0 87.8 95.7 7.9 
 
73.9 97.1 23.2 
9 0/-  79.2 80.8 1.6 
 
55.7 69.9 14.2 
10 0/  84.0 89.0 5.0 
 
70.5 92.7 22.2 
11 0/0 81.1 85.4 4.3 
 
62.8 81.3 18.5 
12 0/0 81.1 85.4 4.3   63.3 81.3 18.0 
Coefficient estimate YA8 YA9 YA10   YR8 YR9 YR10 
a0 81.2 85.6 4.4 
 
63.2 81.6 18.4 
a1 3.2**
1
 4.8**
1
 1.6**
1
 
 
6.4**
1
 8.5**
1
 2.1**
1
 
a2 2.4**
2
 3.5**
2
 1.1**
2
 
 
5.7**
2
 8.2**
2
 2.5**
2
 
a12 1.1**
3
 1.6**
3
 0.6* 
 
3.0**
3
 2.8**
3
 -0.2 
a11 0.7**
4
 1.4**
4
 0.6**
3
 
 
1.0**
4
 0.9 -0.1 
a22 0.0 -0.4 -0.4 
 
0.0 -0.7 -0.7 
R2 0.9630 0.9852 0.9553 
 
0.9962 0.9906 0.8599 
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(a) 
          
                                           (b)                                                            (c) 
                    
                                           (d)                                                             (e) 
Figure 5-5 % Experimental ash content of SASAs a) surface plot , b) contour plot of SAMS 
and c) contour plot of SARS; % ash removal from original sludge d) contour plot of SAMS 
and e) contour plot SARS 
 
5.2.2.2 Elemental analysis 
 
Selected SASAs were sent for CHNS analysis, using the method described in section 3.2.8. 
The results are shown in Table 5-4. C/H ratio is also provided as a rough measurement of the 
aromaticity in the carbon structure.  
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Table 5-4 Elemental composition of SASAs and CACs 
 
*errors on instrumentation are within ± 0.30_% absolute 
 
The result in Table 5-4 shows that all of the C content in SASAs are reduced from their 
original sludge. This is not surprising and readily attributable to the initial devolatilisation 
during the carbonization step and also from the carbon burn-off at an elevated activation 
temperature. The C/H ratios of SASAs increase relative to the original sludge, indicating the 
increasing aromatization of the carbon structure in SASAs. Also as expected, N and H 
contents in both SASAs are reduced compared to original sludge. The loss of these elements 
is a well-recognised effect (see section 4.3.4.2).  
 
5.2.3 Nitrogen gas adsorption 
 
5.2.3.1 Nitrogen gas adsorption isotherms  
 
Selected adsorption/desorption isotherms of SASAs are shown in Figure 5-6 a) and b) for a 
set of results of SAMS and SARS, respectively. Table 5-5 summarises the isotherm 
classification for these samples. It was noted that the hysteresis loops tended to change from 
type H4 to H3 with increasing steam activation temperature and time. This indicates that 
extended activation time and higher temperature changes the pore structure from uniform to 
non-uniform slit-shaped pores. Also, the prolonged activation time at high temperatures 
shown by samples SAMS4 and SARS4 (900°C/100_mins) can cause the deterioration of the 
micropores and thus an increase in adsorption capacity especially at high relative pressure, as 
observed by the widening or expanding of the hysteresis loops. The CACs are shown in 
Figure 5-7 and exhibited similar isotherm shapes (Table 5-6). All the CACs exhibit a higher 
“knee” than the SASAs. 
 
  
ID Temp/Time 
(
o
C/min) 
X1/X2 
 wt % 
  
Non CHNS/ 
Non CHN 
C/H 
  
C H N S 
DMAD2 - 29.7 4.3 3.7 1.3 61.0 7.0 
SAMS12 (825°C/60 min) 0/0 20.2 0.6 0.8 1.3 77.1 33.1 
DRAW3 - 40.6 5.7 4.4 0.0 49.3 7.1 
SARS6 (825°C/60 min) 0/0 34.4 0.7 1.3 0.2 63.5 52.9 
Hydrodarco C - 63.0 0.9 <0.1 NA 36.1 74.1 
Pulsorb Pax - 85.8 0.9 <0.1 NA 13.2 94.3 
Filtrasorb 400 - 89.7 0.8 <0.1 NA 9.4 116.5 
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Table 5-5 Isotherm classification and SA of SASAs, and coefficient estimations for fitted model equations 
  
ID 
  SAMS 
 
 
SARS 
 
Code 
(Temp/Time) 
X1/X2 
BET 
 
 
t-plot 
Micro 
pore 
SA 
(m2/g) 
Isotherm 
type/ 
Hysteresis 
loop 
 
BET# 
 
 
t-plot 
 
Micropore 
SA (m2/g) 
Isotherm 
type/ 
Hysteresis 
loop 
SA 
(m2/g) 
C 
value   
Meso& 
Macro 
SA 
(m2/g) R2 
film 
thickness 
 
SA 
(m2/g) 
C 
value 
 
Meso& 
Macro 
SA 
(m2/g) R2 
film 
thickness 
 1 -1/-1 128.4 571 
 
66.1 0.9992 3.5-5.5 62.3 IV/H3 
 
155.7 277 
 
96.1 0.9965 3.5-4.5 
 
59.6 IV/H4 
2 1/-1 157.3 468 
 
89.8 0.9993 3.5-9 67.6 IV/H3 
 
227.2 620 
 
101.5 0.9989 4.5-9 
 
125.8 IV/H3 
2 -1/1 145.9 479 
 
76.5 0.9993 4.5-6.5 69.3 IV/H3 
 
231.4 665 
 
98.0 0.9990 4.5-6 
 
133.4 IV/H3 
4 1/1 144.3 396 
 
94.4 0.9999 4.5-6.5 49.9 IV/H3 
 
222.6 399 
 
152.1 0.9999 3.0-9 
 
70.5 IV/H3 
5 0/0 165.4 457 
 
89.8 0.9996 5-9 75.6 IV/H3 
 
262.6 534 
 
155.6 0.9999 3.5-5 
 
107.0 IV/H3 
6 0/0 164.5 473 
 
88.5 0.9997 5-9 76.0 IV/H3 
 
269.7 533 
 
160.6 0.9997 3.5-5.5 
 
109.1 IV/H3 
7 -√2/0 124.7 644 
 
62.0 0.9987 3.5-5.5 62.6 IV/H4 
 
180.6 670 
 
82.4 0.9975 3.5-4.5 
 
98.2 IV/H4 
8 √2/0 143.4 440 
 
90.6 0.9999 3.6-9 52.8 IV/H3 
 
233.5 479 
 
142.2 0.9999 3.1-9 
 
91.4 IV/H3 
9 0/-√2 126.5 507 
 
67.9 0.9991 3.5-5.5 58.6 IV/H4 
 
137.4 260 
 
98.1 0.9991 3.5-4.2 
 
39.3 IV/H4 
10 0/√2 161.5 412 
 
98.8 0.9997 4.5-9 62.7 IV/H3 
 
267.5 415 
 
178.3 0.9997 3.0-8 
 
89.2 IV/H3 
11 0/0 164.9 470 
 
88.1 0.9997 5-9 76.8 IV/H3 
 
252.6 546 
 
147.2 0.9997 3.5-5.2 
 
105.4 IV/H3 
12 0/0 165.8 468   88.9 0.9996 5-9 76.9 IV/H3 
 
260.1 549 
 
152.4 0.9996 3.5-5.5 
 
107.8 IV/H3 
Coefficient 
estimations  YA11 
 
   YA12   
 
YA13 
 
 
YR11 
  
YR12 
   
YR13 
 
a0 165.2 
  
88.8 
  
76.3  
 
261.3 
  
154.0 
   
107.3  
a1 6.7**4 
  
10.3**1 
  
-3.5**4  
 
17.2**4 
  
18.0**3 
   
-0.8  
a2 6.7**3 
  
7.3**2 
  
-0.6  
 
31.9**1 
  
20.7**2 
   
11.1*  
a12 -7.6* 
  
-1.5 
  
-6.2**3  
 
-20.1* 
  
12.2 
   
-32.3**1  
a11 -14.3**1 
  
-5.8**3 
  
-8.5**1  
 
-26.0**3 
  
-24.2**1 
   
-1.8  
a22 -9.3**2 
  
-2.3 
  
-7.1**2  
 
-28.3**2 
  
-11.2* 
   
-17.1**2  
R2 0.8937 
  
0.9308 
  
0.9436 
 
 
0.9173 
  
0.9146 
   
0.8757 
 
#relative pressure of selected BET data (P/P0) are all between 0.01-0.12 and R2 are all equal to 1.0000 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 0.1) 
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Figure 5-6 Adsorption/Desorption isotherms of SASAs a) SAMS and b) SARS 
 
 
Figure 5-7 Adsorption/Desorption isotherms of CACs 
 
 
Filtrasorb 400 
Pulsorb Pax 
Hydrodarco_C 
SAMS1 
SAMS4 
SAMS2 
SAMS5 
SAMS3 
SARS1 
SARS4 
SARS5 
SARS2 
SARS3 
a) 
b) 
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Table 5-6 SA parameters of CAC 
 
##relative pressure of selected BET data (P/P0) are all between 0.01-0.14 and R2 are all equal to 1.0000 
 
5.2.3.2 Surface area  
 
Table 5-5 and Table 5-6 show that the C values of all SASAs and CACs are above 200. This 
indicates that the isotherm knee points could be identified and that monolayer-multilayer 
adsorption of N2 onto all the adsorbents was occurring [26]. 
 
The most significant SAMS BET model terms are X1
2, X2
2, X2 and X1, respectively. These 
strong negative effects from the squared terms X1
2 and X2
2 indicate that the BET SA of SAMS 
develops at intermediate values over the chosen range of temperature and time. Increasing 
time and temperature are advantageous for BET SA development but too low or too high 
values of temperature and time are disadvantageous for BET SA development. For the BET 
SA of SARS, the most significant model terms are X2, X2
2, X1
2, X1 and X1X2, respectively. 
This result indicates that increasing time (X2) has the most positive influence upon the BET 
SA development. However, long activation times and/or high temperatures are a disadvantage 
for BET SA development for SARS.  
 
The response result of BET SA of both types of SASAs in Figure 5-8 shows that the BET 
values of SAMS and SARS are maximised at 838°C and 73_min and at 838°C and 80_min, 
respectively. Based on these optimisation points, the maximum SA obtained from SAMS and 
SARS are 166.7_m2/g and 270.6_m2/g, respectively. Essentially, the BET SA of SAMS and 
SARS were maximised under very similar activation conditions.  
 
These optimum activation conditions for SAMS and SARS are slightly higher than the 
optimisation point obtained from steam activation of viscous liquid sludge (similar carbon and 
ash content to DRAW sludge) carried out by Rio et al. [158, 229], which show that the 
highest BET SA of 226_m2/g was obtained at 760ºC and 30_min. These differences in BET 
optimisation point may have been caused by several factors including; different water flow 
rates, different reactor type (vertical three heat zone furnace Carbolite TZF 15/610 for viscous 
ID 
  
 BET
#
    t-plot  Micro 
pore 
SA 
(m
2
/g) 
Isotherm 
type/ 
Hysteresis 
loop 
SA 
(m
2
/g) C value   
 
Meso& 
Macro SA 
(m
2
/g) R
2
 
film 
thickness 
Hydrodarco C 519.7 530   
 
205.4 0.9996 7-9 314.1 IV/H3 
Pulsorb Pax 813.7 267   
 
110.1 1.0000 7.7-9 703.6 IV/H3 
Fitrasorb 400 1076.6 472    68.5 0.9990 6.8-9 1008.1 IV/H4 
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liquid sludge; horizontal rotary furnace for DRAW sludge) and/or the difference in the 
organic and inorganic species in each sludge type. Thus, the use of a lower steam flow rate for 
DRAW sludge could explain the higher temperature and time requirement for BET 
optimisation.  
 
 
(a) 
                  
                                           (b)                                                                 (c) 
Figure 5-8 BET SA of SASAs a) surface plot of SASAs, b) contour plot of SAMS and c) 
contour plot of SARS 
 
At 100ºC and atmospheric pressure, the density of water is equivalent to 1 g/cm3, and the 
density of steam is 0.0006 g/cm3 [233]. Thus, the water flow rate of 0.7 g/min used during the 
steam activation experiment was equivalent to a steam flow rate of 
0.7 𝑔
0.0006 
𝑔
𝑐𝑚3
= 1167 𝑐𝑚3/
𝑚𝑖𝑛. According to the work carried out by Rio et al. [158, 229] during a two-step steam 
activation experiment, 20 g of carbonized viscous liquid sludge (carbonized at 600ºC/1 hour) 
was exposed to 2500_ml/min of steam flow rate. This was equivalent to 125 ml/min of steam 
per gram of char. Only about 15_ml/min of steam flow per gram of DRAW char was used in 
this research work, indicating a much more aggressive activation process and much more 
steam to achieve a similar level of activation (2 to 5 times more steam). 
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According to the response result within the design region in Figure 5-9 a) and b), the 
optimisation points of micropore SA of SAMS and SARS are 809ºC and 63 min and 719°C 
and 117_min, respectively. These exhibit maximum micropore SAs of 76.7_m2/g and 
151.1_m2/g. From Figure 5-9 c)-d) and Table 5-5, the response data of meso & macropore SA 
for SAMS and SARS are maximised at 877ºC with activation times of 117_min and 113_min, 
respectively, yielding the SA of 98 and 174_m2/g. The higher time and temperature 
requirement for optimising meso & macropore SA relative to BET and micropore SA, as well 
as the higher meso & macropore SA of SARS over SAMS, are as expected.   
 
          
                                      (a)                                                                  (b) 
            
                                        (c)                                                               (d) 
Figure 5-9 Contour plots of micropore SA a) SAMS and b) SARS; Contour plots of meso & 
macropore SA c) SAMS and d) SARS 
 
Carbon burn-off (%) at the optimum BET, micropore and meso & macropore SA for SAMS 
are 3.3_%, 2.6_% and 6.1_% and for SARS are 5.9_%, 5.8_% and 8.5_%, respectively. These 
% carbon burn-off results of both SAMS and SARS are much lower than the 50_% carbon 
burn-off required by steam activation of other raw materials (such as corn-cob, waste tyre, 
and palm shell) in order to achieve high SA [34, 234, 235]. This result is explained by the fact 
that the carbonaceous content in sludge are much lower than in those other raw materials. 
Thus, the time to open accessible pores, create new pores and widen the new pores on the 
graphene structure is shorter than in other raw materials.  
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All of SASA yields much lower BET and micropore SA compared to the three CACs in Table 
5-6. However, the maximum meso & macropore SA obtained from both types of SASAs 
(optimum values) are higher than the Filtrasorb 400 and Pulsorb Pax for SARS. This possibly 
results from their high inorganic content such as silica and/or higher carbon burn-off, 
contributing to this value, which indicates a good use of SASAs for large pollutant molecule 
adsorption. 
 
5.2.3.3 Pore volume  
 
Experimental results of total, micropore and mesopore volume of both types of SASAs and 
CACs are shown in Table 5-7 and Table 5-8, respectively. The response plot by fitted 
equation models of SASAs are shown in Figure 5-10. The description and understanding of 
the Response surface for PV are similar to the SA discussed in section 5.2.3.2. 
 
Table 5-7 PV of SASAs and coefficient estimations for fitted model equations 
 
#PV; Total = total PV at P/P0 at 0.98, Micro = micropore volume obtained from t-plot method, Meso = Total-
Micro 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 
0.1) 
 
 
     
ID  
  
Code (Temp/Time) 
X1/X2 
PV
#
 (ml/g)  
SAMS  
 
SARS 
 Total Micro Meso 
 
Total Micro Meso 
1 -1/-1 0.1420 0.0260 0.1160 
 
0.1100 0.0246 0.0854 
2 1/-1 0.1940 0.0290 0.1650 
 
0.1950 0.0550 0.1400 
2 -1/1 0.1610 0.0299 0.1311 
 
0.1670 0.0569 0.1101 
4 1/1 0.2140 0.0217 0.1923 
 
0.3060 0.0303 0.2757 
5 0/0 0.1880 0.0337 0.1543 
 
0.2100 0.0453 0.1647 
6 0/0 0.1890 0.0338 0.1552 
 
0.2190 0.0464 0.1726 
7 - /0 0.1350 0.0262 0.1088 
 
0.1220 0.0405 0.0815 
8 /0 0.2120 0.0233 0.1887 
 
0.2810 0.0389 0.2421 
9 0/-  0.1440 0.0245 0.1195 
 
0.1070 0.0166 0.0904 
10 0/  0.2000 0.0277 0.1723 
 
0.2630 0.0386 0.2245 
11 0/0 0.1870 0.0341 0.1529 
 
0.2000 0.0446 0.1554 
12 0/0 0.1910 0.0342 0.1543   0.2070 0.0458 0.1613 
Coefficient estimate   YA14 YA15   YA16   YR14  YR15 YR16 
a0 0.1888 0.0340 0.1542 
 
0.2090 0.0455 0.1635 
a1 0.0267**
1
 -0.0012*
4
 0.0279**
1
 
 
0.0561**
1
 0.0002 0.0559**
1
 
a2 0.0148**
2
 0.0001 0.0146**
2
 
 
0.0486**
2
 0.0048* 0.0438**
2
 
a12 0.0003 -0.0028**
3
 0.0031 
 
0.0135**
4
 -0.0142**
1
 0.0278**
3
 
a11 -0.0064* -0.0043**
1
 -0.0018 
 
-0.0034 -0.0009 -0.0026 
a22  -0.0071**
3
 -0.0036**
2
 -0.0032 
 
-0.0117**
3
 -0.0070**
2
 -0.0047 
R2 0.9680 0.9497 0.9802 
 
0.9884 0.8647 0.9918 
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Table 5-8 PV of CACs 
 
 
      
                                     (a)                                                                 (b) 
       
                                      (c)                                                                (d) 
       
                                      (e)                                                                 (f) 
Figure 5-10 Contour plots of  PV; Total PV a) SAMS and b) SARS; Mesopore volume c) 
SAMS and d) SARS; Micropore volume e) SAMS and f) SARS  
 
According to the response result within the design region in Figure 5-10 e) and f), the 
optimisation point of micropore volume of SAMS and SARS are 0.0341_ml/g 
(813°C/63_min) and 0.0650_ml/g (719°C/117_min), respectively. From Figure 5-10 a) to d), 
ID 
  
  PV (ml/g)   
Total PV at P/P0=0.98 Micropore  Mesopore 
Hydrodarco C 0.5660 0.1452 0.4208 
Pulsorb Pax 0.5220 0.3331 0.1889 
Fitrasorb 400 0.5500 0.4270 0.1230 
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the maximum meso & macropore and total PV of SAMS and SARS are obtained at the 
highest edge of the boundary at 931°C and 117_min, which yields the meso & macropore and 
total PV for SAMS of 0.2106 and 0.2218_ml/g while for SARS they are 0.3501 and 
0.3460_ml/g, respectively. 
 
5.2.3.4 Pore size distribution 
5.2.3.4.1 Micropore size distribution 
 
The developments of micropore size distribution of SASAs, as determined using the method 
of Horváth and Kawazoe [80], are similar but yield different dW/dR intensities. Thus, the 
result of the maximum intensity of dW/dR (HK peak) and the effective pore diameter, Rp 
produced by SASAs, are summarized and provided in Table 5-9.   
 
Table 5-9 Micropore size distribution of SASAs and CACs, and coefficient estimations for 
fitted model equations 
 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 
0.1) 
ID 
 
Code 
(Temp/Time) 
X1/X2 
Effective micropore diameter by HK method 
SAMS 
 
SARS 
HK 
peak 
(dW/dR) 
Diameter 
at peak 
    (nm) 
HK peak 
(dW/dR) 
Diameter 
at peak 
(nm) 
1 -1/-1 2.05 0.55 
 
2.56 0.56 
2 1/-1 1.88 0.56 
 
3.24 0.57 
2 -1/1 2.09 0.56 
 
4.09 0.58 
4 1/1 1.28 0.54 
 
1.56 0.58 
5 0/0 2.06 0.56 
 
3.39 0.60 
6 0/0 2.06 0.56 
 
3.62 0.58 
7 - /0 2.06 0.56 
 
3.95 0.57 
8 /0 1.37 0.55 
 
2.11 0.57 
9 0/-  1.92 0.55 
 
2.38 0.55 
10 0/  1.76 0.56 
 
2.55 0.58 
11 0/0 1.78 0.56 
 
3.25 0.57 
12 0/0 2.06 0.56 
 
3.73 0.58 
Coefficient estimate YA17 
  
YR17 
 a0 1.99 
  
3.50 
 a1 -0.24**
1
 
  
-0.56**
2
 
 a2 -0.10**
4
 
  
0.01 
 a12 -0.16**
2
 
  
-0.80**
1
 
 a11 -0.13**
3
 
  
-0.21**
4
 
 a22 -0.06 
  
-0.49**
3
 
 R2 0.9087 
  
0.9627 
 ID 
 
Effective micropore diameter by HK method 
HK peak (dW/dR) Diameter at peak (nm) 
Hydrodarco C                                   
Pulsorb Pax 
Filtrasorb 400 
3.2 0.60 
5.2 0.62 
10.0 0.62 
 
  173 
The R2 of the fitted model equation of Rp at the peak dW/dR value of SARS is ≤ 0.8 and the F 
value > 0.05. The R2 of the fitted model equation of Rp at the peak dW/dR value of SAMS is 
found to be slightly greater than 0.8 and the F value slightly lower than 0.5 but there was no 
major influence apparent during the changing of temperature and time. Thus, the response 
plots were not determined. Nevertheless, according to the experimental results in Table 5-9, 
the SARS generally yield slightly larger Rp values at the peak dW/dR value than the SAMS at 
between 0.56-0.60_nm and 0.54-0.56 nm, respectively. 
 
From the dW/dR peak significant model terms of SASAs in Table 5-9, the results indicate that 
increasing the temperature and/or with time results in the most significant limiting factor for 
dW/dR development (small micropore development) of both type of SASAs. The main 
reduction of small micropores might arrive for the pore widening phenomena [236]. The 
maximum dW/dR values of SAMS and SARS are 2.14 (719°C/117_min) and 4.55 
(719°C/107_min), respectively, which are achieved at the lowest temperature boundary. 
 
          
                                   (a)                                                                    (b) 
Figure 5-11 Contour plots of HK peak of micropore size distribution a) SAMS and b) SARS 
 
The Rp at peak dW/dR values for the CACs in Table 5-9 are generally higher than the 
SASAs, which is not unexpected due to the use of different raw materials. Filtrasorb 400 and 
Pulsorb Pax (coal-based) show the widest Rp at dW/dR peaks of 0.62_nm while Hydrodarco 
C (lignite based) exhibited a slight lower value at 0.60_nm. The dW/dR peaks of 
Filtrasorb_400 and Pulsorb Pax are higher than all the SASAs meaning these two CACs 
contain more ultramicropores (≤ 0.7_nm) than the SASAs and Hydrodarco C. 
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5.2.3.4.2 Mesopore size distribution 
  
 
 
 
Figure 5-12 PV summary; a) SAMS, b) SARS and c) CACs 
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From Figures 5-12 a) and b), it can be seen that the SAMS and SARS show a similar 
mesopore development trend. The use of high temperatures and long activation times 
significantly increases mesopore volume at pore radius above 3_nm. This can be seen for 
SAMS/SARS4 and SAMS/SARS8 prepared at 900°C/100min or 931°C/60min respectively. 
 
Conversely, the use of a lower activation temperature with a longer time at 825°C/117min, in 
the case of SAMS/SARS10,  yield the highest mesopore volume at a pore radius between 2-
3_nm. This result could be explained by the fact that at higher temperatures (825°C or above) 
the water gas reaction and boundary reactions become more effective [36] and thus, the 
reaction rate increases, resulting in burn-off that occurs mainly on the external carbon surface. 
By using a lower temperature (e.g. 730-825°C) these steam-carbon reactions are still 
occurring, but at a lower rate. Hence, there is more likelihood for the water molecules to 
diffuse into the pores of the carbon structure and hence react in the smaller internal pores thus 
resulting in the formation of more mesopores in the lower pore radius region.  
 
SARS4 and SARS8 could yield a higher mesopore volume fraction above a pore radius of 
3_nm compared to the two CACs including Filtrasorb 400 and Pulsorb Pax, Figure 5-12 c), 
while SAMS4 and SAMS8 are in a similar region to these two CACs. Among the CACs, 
Hydrodarco C exhibits a maximum amount of mesopore at all pore radius when compare to 
the other two CACs and SASAs. 
 
5.2.4 Surface chemistry results 
 
5.2.4.1 Surface pH  
 
The surface pH experimental result of SAMS and SARS and their estimation coefficients for 
the fitted model equations are shown in Table 5-10. These results indicate that increasing 
temperature and/or time caused an increase of SAMS surface pH. Similar effects were seen 
for SARS surface pH. The reason of increasing pH with temperature was already explained in 
section 4.3.4.1. An increase of pH with longer activation time of SAMS could be due to the 
proportionate increase in the ash content. All of CACs in Table 5-10 show basic surface pH as 
same as all of SASAs. 
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Table 5-10 Surface pH of SASAs and coefficient estimations for fitted model equations and 
surface pH of CACs 
 
#error on a Fisher brand Hydrus 400 pH meter is within ± 0.02_% absolute 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 
0.1)  
 
            
                             (a)                                                                  (b) 
Figure 5-13 Contour plots of Surface pH a) SAMS and b) SARS 
 
5.3 RESULTS II: STEAM ACTIVATION OF VARIOUS SLUDGE TYPES 
AND CHARATERIZATION OF SASAs 
 
The optimal conditions of activation temperature (838°C) and time (73 mins) for maximum 
BET SA of SAMS were applied to different types and sources of sludge in order to study the 
difference in their physical and chemical properties. Steam activation under the optimal 
conditions for each type of sludge is identified by sludge type abbreviation “_S”. Note that 
ID 
Temp/Time 
X1/X2 
Surface pH
#
 
 
CAC ID  Surface pH
#
  SAMS SARS 
  1 -1/-1 8.4 8.9 
 
Hydrodarco C 10.2 
2 1/-1 8.7 8.8 
 
Pulsorb Pax 8.2 
2 -1/1 8.7 8.6 
 
Filtrasorb 400 8.1 
4 1/1 9.7 9.4 
   5 0/0 8.9 8.7 
   6 0/0 8.6 8.6 
   7 - /0 8.7 8.7 
   8 /0 9.2 9.0 
   9 0/-  8.6 9.0 
   10 0/  9.5 8.7 
   11 0/0 8.7 8.6 
   12 0/0 8.8 8.6       
Coefficient estimate YA18 YR18       
a0 8.75 8.63 
   a1 0.25**
2
 0.14**
2
 
   a2 0.32**
1
 -0.02 
   a12 0.18**
3
 0.23**
1
 
   a11 0.07 0.13**
3
 
   a22 0.12**
4
 0.13**
3
      
R2 0.9255 0.8534       
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DRAW3 and DMAD4 sludge were used as feedstock for the optimization. The DMAD 
sludge is a different batch from sludge used to determine the optimization point (DMAD2) 
and therefore, a small variation in the results are to be expected. The error, based on the 
results of SASA yield, experimental ash content and BET SA obtained from the RSM model, 
compared to those obtained from experimental studies in section 5.3.1 and 5.3.2 are 12.4_%, 
5.3_% and 7.6_% for SAMS also 3.8_%, 2.8_% and 6.5% for SARS, respectively. 
 
5.3.1 SASA yield, CHN and ash content analysis 
 
Table 5-11 SASA yields, CHN and ash content at the optimum temperature of various SASA 
types 
 
*errors on instrumentation for CHN analysis are within ± 0.30_% absolute 
 
SASA yield, CHN and ash content results of optimized SASAs produced from different 
sludge types are shown in Table_5-11. The SASA yield of DRAW3_S is approximately 20%, 
whereas the SASA yield of all other sludge is approximately 30-40%. KAW_S has the lowest 
yield among the treated sludge, which is due to the high Ca(OH)2 content being converted 
into CaO and water [196]. In contrast, DSBS2_S has a yield of 35%, although DSBS sludge 
showed a similar weight loss to DRAW sludge (section 4.2.4.1). The higher SASA yield by 
DSBS2_S compared to DRAW3_S might arise from two effects. Firstly, there is no CaCO3 
decomposition peak around 750°C on the DSBS sludge TGA curve and thus less carbon burn-
off could be expected during steam activation of DSBS sludge. Secondly, the DSBS sludge 
possibly have a higher fixed carbon fraction than the DRAW sludge after its main 
decomposition temperature at 600°C due to their different type of carbonaceous matter and/or 
different in carbonates being present. 
 
From the Table 5-11, it can be seen that all C content in the SASAs are reduced, compared to 
the original sludge (Table 4-1) by approximately 6-16_% except for KAW_S, which has a C 
content difference of 25_%. The C/H ratios of all the SASAs, except KAW_S, increased after 
steam activation compared to their original sludge and thus indicating a higher degree of 
Sample ID    SASA yield (%) 
  
             wt (%) 
  C/H ratio 
   Ash (%)  
C H N  
DRAW3_S 22.7 29.0 0.6 1.0  48.3 69.4 
DMAD4_S 40.4 22.6 0.6 <0.10  37.7 78.2 
DSBS2_S 35.9 34.6 0.7 1.8  49.4 61.0 
KAN_S 37.4 19.0 0.4 <0.10  47.5 82.7 
KAW_S 31.4 0.3 0.6 <0.10  0.5 100.0 
GOS_S 42.4 17.6 0.4 <0.10  44.0 82.4 
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aromatization of SASAs. For KAW_S, the high amount of lime, which is predominantly 
calcium, significantly accelerated the steam gasification reaction and thus resulted in an 
excessive carbon burn-off, yielding carbon and ash content of 0.3_% and 100_%, 
respectively. 
 
5.3.2 Nitrogen gas adsorption 
 
 
 
Figure 5-14 N2 gas adsorption results of various SASA types at the optimum condition; a) 
isotherm, b) SA and c) PV 
 
From Figure 5-14 a), all of the SASAs except KAW_S exhibited type IV isotherms with type 
H3/H4 hysteresis loops. From the results in Figure 5-14 b) and c), DRAW3_S yields the 
highest BET SA and total PV. DSBS2_S yielded the highest micropore volume and 
micropore SA. These values agree well with the finding that DRAW sludge, as the most 
carbonaceous material, yielded the SASA with the highest SA. However, the SASA produced 
from the DSBS sludge, which has nearly the same initial carbon content as DRAW sludge, 
produced a 50 m2/g lower BET SA, even though the C content of DSBS2_S was 5% more 
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than DRAW_S. Several factors may influence these results: Firstly, the activation method 
may not be optimal for DSBS sludge. Secondly, differences in the carbonaceous components 
arising from different sources and treatment methods may affect the texture of the SASAs 
themselves. All in all, it can be said that the SASAs produced from similar treatment methods 
(DMAD4_S, KAN_S and GOS_S) yield a similar range of BET SAs.  
 
 
Figure 5-15 Pore size distribution of various SASA types; a) Mesopore size distribution and 
b) HK peak of micropore size distribution 
 
Results in Figure 5-15 a) and b) also help to support the SA and PV observation. From the 
result in Figure 5-15 a), it can be seen that the GOS_S exhibited a higher mesopore volume 
over other SASAs at pore radii above 3_nm, which indicates an enlargement of mesopore 
volume, possibly due to higher burn-off of micropores. All of the SASAs indicate similar 
effective micropore diameters in a maximum range between 0.5-0.6 nm but the maximum 
dW/dR values of these SASAs in Figure 5-15 b), are different. The lower dW/dR value of 
GOS_S compared with DMAD4_S and KAN_S could be attributed to the slight higher burn-
off.  
 
5.3.3 Fourier Transform Infrared analysis  
 
The FTIR spectra of various SASA types are shown in Figure 5-16. The summary of band 
location, functional group and related compounds are shown in Table 5-12 [179-183, 185, 
214, 218, 237]. All the FTIR spectra were similar except for KAW_S.  
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Table 5-12 FTIR band location, assignment to functional group and related compounds of SASAs 
Band assignment 
centre 
Band presented by 
samples Assignment/Functional group Relate compounds Reference 
(cm-1)         
3643 (sharp) KAW_S O-H stretching (OH free) Portlandite [181, 183] 
3435-3412 (broad 
band) all SASAs O-H stretching moisture,  silanol (Si-OH) [181] 
1637 KAW_S O-H deformation adsorbed water related to portlandite [181, 215] 
1616 all SASAs 
C=C stretching in aromatic ring  polarized with 
oxygen atom quinone SFG [210, 211] 
  
C=C stretching in endocyclic system carbon structure of SBAs [212] 
1456 KAW_S O-H deformation Portlandite [183] 
1120-1114 all SASAs except KAW_S C-O-C stretching in cyclic ethers ether SFG [181, 214, 216] 
1088-1034 all sludge and CS Si-O-Si and/or Si-O-C stretching; silicate ions quartz, feldspars 
[179, 181-183, 
215] 
(984) 
DRAW3_S, KAN_S and 
GOS_S silicate ions 
 
[216] 
916 KAW_S NA 
inorganic compounds (might be dicalcium ferrite see 
section 5.3.4)   
798-777 all SASAs Si-O bending silica (quartz) [179, 181, 218] 
604-555 all SASAs PO43-ions  (bending) phosphate compound (whitlockite) [179, 181] 
517 KAW_S NA 
inorganic compounds (might be dicalcium ferrite see 
section 5.3.4)  
472-463 all SASAs Si-O-Si bending silica (quartz) [181, 218] 
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Figure 5-16 FTIR of various type of SASAs at optimum temperature 
 
Even though the SFGs of SASAs are very similar, the absorbance intensity of the SFGs, 
especially at 1088-1034_cm-1, are obviously different. For example, DMAD4, KAN and GOS 
have different peak to peak height ratios. Despite the ash content and CHN analyses being 
similar, the SiO2 content varies. This also indicates that after the digestion treatment, the 
sludge from different locations and origins yield a different ratio of mineral content within the 
ash.  
 
Surface chemistry assessment of these optimized SASAs using the Boehm titration method 
indicated that all of the SASAs exhibit a high quantity of basic groups (0.81-1.53_meq/g) and 
carbonyl groups (0.44-1.49_meq/g) while phenolic hydroxyl, lactone and free carboxyl are 
present in much lower numbers (0.01-0.28_meq/g) [219]. This result helps support the 
absence of the band at around 1700_cm-1 in the FTIR data, due to the low quantity of carboxyl 
and lactone surface functional groups, while the high content of carbonyl group should be in 
the conjugated form according to the FTIR result. Fitrasorb_400 also yields the highest 
carbonyl group content (1.08_meq/g), and basic groups (0.66_meq/g) while carboxyl, 
carboxylic and lactone groups are present in much lower quantities (0.01-0.1_meq/g). The 
ratio of basic groups: acid groups (carbonyl, carboxyl, phenolic and lactone) of DRAW3_S, 
DMAD4_S, DSBS2_S, KAN_S, GOS_S and Filtrasorb_400 are 0.8 (1.5/1.9), 1.0 (1.5/1.5), 
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0.6 (0.8/1.5), 1.9 (1.1/0.6), 1.8 (1.3/0.7) and 0.5 (0.7/1.2), respectively. This result indicates 
that Filtrasorb_400, DRAW3_S and DSBS2_S have a higher quantity of total acidic SFGs 
over the SFG per gram of adsorbent. KAN_S and GOS_S have more basic character and 
DMAD4_S has a balanced SFGs. This observation could mainly result from the difference in 
their inorganic content (KAN_S > GOS_S > DMAD4_S > DRAW3_S > DSBS2_S > F400). 
Nevertheless, the nature of the raw material could also have influence on the prevalence of 
basic and acidic surface functional groups due to the different trends in the total quantities of 
the groups exhibited by the adsorbents. Note that the pH of these optimized SASAs (except 
KAW_S) are between pH 8-9 [219]. 
 
5.3.4 X-ray diffraction  
 
The diffraction patterns of six SASAs prepared at optimum temperature are shown in Figure 
5-17. All of SASAs indicated a presence of quartz (SiO2), feldspars (Albite-NaAlSi3O8; 
Anorthite-CaAl2Si2O8) and whitlockite. Portlandite (Ca(OH)2) and srebrodolskite (dicalcium 
ferrite, Ca2Fe2O5) were also present in the KAW_S. For KAW_S, the activation temperature 
used was higher than the decomposition temperature of the Ca(OH)2. This observation might 
explain why the remaining CaO, formed by the decomposition of CaCO3, is not stable when 
cooled and thus it might react with CO2 to reform CaCO3 or H2O in this case to form 
Ca(OH)2. Nevertheless, there is evidence of Ca2Fe2O5 on the KAW_S diffraction pattern. This 
implies that the CaO might have reacted with other inorganic material, which may be present 
as an amorphous phase. Moreover, an absence of Na3K3Al6Si6O24.12H2O, which was present 
on both of DMAD and DRAW chars (see section 4.3.4.3), implies the reaction of inorganic 
elements such as K and Na with the sludge. 
 
It is also interesting to note that the formation of Ca2Fe2O5 on KAW_S could help create the 
catalytic and magnetic properties on the SASAs as these particular properties have been 
reported in the literature [50, 238]. The catalytic property of Ca2Fe2O4 is temperature 
dependent, in which the specific catalytic activity increases with temperature from 600°C to 
1100°C. This property has been attributed to the anion-modified and the ordering of oxygen 
vacancies in samples remained incomplete, in which the clustered Fe2+ centres (typical of a 
defect calcium titanium oxide structure) are main adsorption centres on the surface of the 
samples [238].  
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Figure 5-17 XRD pattern of SASAs at optimum temperature [Q-quartz, F-Feldspars (albite, 
anorthite); W-whitlockite; P-portlandite; S-srebrodolskite]  
 
It is also worth noting that the diffraction pattern presented by DMAD4_S and DRAW3_S 
agree well with the main inorganic species remaining in SASAs including Fe, Ca, Si, P and Al 
according to EDX analysis reported elsewhere [154]. 
 
5.3.5 Leaching tests 
 
DMAD4_S and DRAW3_S were selected and subjected to leaching test analysis according to 
the method described in section 3.2.13. The filtrate analysis results are shown in Table 5-13 
(a). Two extra runs of SARS were performed in order to evaluate the leaching behaviour of a 
two-step production processes compare with the one step process (DRAW_S). This included 
DRAW_CS, which was produced by carbonization at 700°C for 60_mins and then activated 
under optimum conditions (838°C for 80_mins), and DRAW_SC, which was produced by 
steam activation at the optimum condition and then carbonized at 950°C for 30_mins. This 
process might help to consolidate the SASA and reduce the amount of inorganic leaching 
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from SASA. The result of metal analysis from acid lixiviation tests and leaching after CWAO 
as reported by Lebigue et al. [154] and Marques et al. [43] respectively, are also presented in 
Table 5-13 (b) and these results discussed along with the result from leaching test analysis. 
 
From Table 5-13 (a), Al, Ca and Si were released in notable quantities from all SASAs 
leached in water (pH 4). Lebigue et al. [154], reported that for DMAD_S, these elements were 
released in trace amounts. Even though DMAD_S contained a higher amount of Al and Si 
compared to DRAW_S as indicated by EDX analysis. However, Al and Si were released from 
DRAW_S in greater quantities than DMAD_S. This result could be due to the nature of the 
original sludge type. DRAW sludge has a “fluffy” texture and thus results in a more brittle 
SBA and this could result in a significant quantity of these inorganic species in sludge such as 
Si and Al being easier to leach out.  
 
Table 5-13 (a) Leaching test of SASAs 
 
#Sample ID_leachate type 
 
Table 5-13 (b) Leaching test of SASAs 
ID# 
Type of leachate 
         Leachate (μg/g or mg/l only for liquid filtrate) 
 
Ca Cu Fe Mn Ni Zn Cr Mg           References 
DMAD_S_HCl/HNO3 acidic leachate* - 690 62100 640 310 1190 - - [154] 
DRAW_S_HCl/HNO3 acidic leachate * - 670 47900 150 30 610 - - [154] 
DMAD_S_LF liquid filtrate ** 16.2 1.3 13.1 1.9 - - 3 15.2 [43] 
*HCl:HNO3 = 3:1 v/v:** from catalytic wet air oxidation of phenol and pH solution of 3.2 (unit in mg/l) 
#Sample ID_leachate type 
 
In contrast, all of the metal species in 3% HCl solution were leached to a much higher degree 
compared to water, this was especially true for Fe. Furthermore, all of the metal species in 3% 
HCl solution (except Fe) were leached from DMAD_S more than DRAW_S. This is an 
expected result due to the higher inorganic content in DMAD4_S. Similarly in Table 5-13 (b), 
an acidic leachate (HCl:HNO3 = 3:1 v/v by Lebigue et al. [154] also indicated the same trend 
of high leaching of Cu, Fe, Mn, Ni and Zn. These results indicate that the SASAs should not 
be applied under highly acidic conditions. High leaching of inorganic content from SASA 
(from municipal sludge) under very acid solution (pH = 1) compare to water (pH =7) were 
ID# 
Type of leachate 
Leachate (μg/g) 
  Al Ca Cd Cu Fe Pb As Si  
DMAD_S_W water (pH 4) 104.70 1152.95 0.20 1.01 0.00 3.31 0.92 53.12 
 DRAW_S_W water (pH 4) 106.90 1725.95 0.11 0.45 0.00 1.96 0.00 77.98 
 DRAW_CS_W water (pH 4) 128.70 1168.95 0.12 0.74 0.00 1.09 0.00 55.42 
 DRAW_SC_W water (pH 4) 286.50 1459.45 0.11 0.74 0.10 2.09 0.30 102.78 
 DMAD_S_HCl 3% HCl  15328.86 88879.89 0.89 18.40 67640.00 61.48 6.36 2997.79 
 DRAW_S_HCl 3% HCl  13789.86 85909.89 0.85 11.25 68066.67 23.54 5.64 2729.79 
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also observed by Fitzmorris et al. [231] where Zn (1520_µg/g) and Cu (1220_µg/g) were the 
main species leached. 
 
From Table 5-13 (b), the DMAD_S exhibited a better control of Mn, Mg and Ca than PA12 
(DMAD char at 1000°C, section 4.3.5) but for Fe, Cu, and Cr their leaching is worse. 
Nevertheless, these differences are less than 10 mg/l except for Mg where more than 45_mg/l 
was observed. This result indicates that the use of sludge char or SASA produced from the 
same sludge type do not show huge differences in the composition of the leachate. 
Nevertheless, the high Mg leaching in the case of char means that the sodium adsorption ratio 
should be assessed for the suitability of treated effluent for agricultural irrigation use [6].  
 
In order to calculate the carbon dosage required for landfill leachate or WWT applications, the 
pH of the waste stream, pollutant species and amount in each waste stream should be taken 
into consideration. In activated sludge systems with a PAC treatment system, the solid and 
hydraulic retention times should be known [6] in order to characterise the leachate that could 
occur within this retention time. Nevertheless, based on typically discharge limits for 
hazardous constituents found in secondary effluent [6] and the leachate result of 
DMAD_S_W and DRAW_S_W both of these SASAs can be used in the WWT process with 
the limit SASA dosage less than 2_g/l or 3_g/l, respectively. These carbon dosages are limited 
by the high concentrations of Pb leached compared to the typically discharge limits for toxic 
constituents found in secondary effluent [6]. Additionally, these two SASAs can even be used 
for drinking water treatment based on WHO drinking water guideline and council directive 
98/836/EC with the limit SASA dosage of less than 2_g/l, where this is limited by the high 
concentration of Al and Pb, respectively. Nevertheless, SASA tests with real wastewater 
should be performed and all of the major hazardous species in typically discharge limits 
should be measured prior to use. 
 
5.4 RESULTS III: BISPHENOL A ADSORPTION BY SASAs  
 
All SAMS and SARS samples were selected for BPA adsorption tests based on two reasons. 
Firstly, DRAW and DMAD sludge are the major sludge types, which are produced within the 
UK and EU. Secondly, the surface chemistry (including pH, FTIR and XRD analysis) 
indicates that SASA produced from different sludge type (except KAW) are very similar. 
Therefore, in order to see the effect of physical and chemical properties that effect BPA 
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adsorption, the adsorption tests should be performed on all SAMS and SARS produced under 
different activation conditions. 
 
5.4.1 Bisphenol A adsorption kinetics 
 
Selected SAMS and SARS (SAMS12 and SARS12) were used as representative samples for 
the kinetics adsorption study. Further explanation of the experimental methods and conditions 
were provided in section 3.2.10.2.  
 
The kinetics adsorption results of the SASAs (Figure 5-18) exhibited similar behaviour, in 
which most of the BPA adsorption (~80%) occurred during the first 24 hours. The adsorption 
capacities were 63 and 39 mg/g for the SARS12 and SAMS12, respectively. However, 
although the amount of adsorption by both SASAs were noted to increase between 24 and 168 
hours by 16 and 12_mg/g for the SARS and SAMS, respectively, the rate of uptake decreased 
significantly (~20x slower). Thus, for the purposes of practicality, true equilibrium was 
assumed to have been reached after 24 hours. In real-life, the adsorption time utilised in 
wastewater treatment plant system is significantly ≤ 24 hours. The prolong time to reach final 
equilibrium is possibly indicative that the BPA adsorption is affected by the pore sizes and 
shapes in the adsorbent, which will influence the transport mechanisms to the accessible part 
to the internal area. 
 
 
Figure 5-18 Adsorption kinetics of BPA onto SASAs 
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The equilibrium time required for BPA adsorption by SASAs were seen to be slightly longer 
than that required by phenol and acid red 18 adsorption from SASAs reported by Rio et al, 
[158], where 72 hours was needed to reach equilibrium. The prolong time to achieve 
equilibrium possibly indicates that the BPA adsorption was occurring in the micropore region, 
where the accessibility to the internal area might be restricted due to the inorganic content in 
sludge that might obstruct the pores. Moreover, the equilibrium time of BPA adsorption 
obtained from F400 reported by the research carried out by Liu et al. [141] was also seen to be 
prolonged to over 175_hours [141]. Nevertheless, the prolonged BPA adsorption time of this 
F400 was likely to arrive from the extensive microporosity which has prolonged the time 
taken for the BPA molecule to reach all micropores.  
 
5.4.2 Bisphenol A adsorption isotherms 
 
Adsorption isotherms were performed on all SAMS and SARS adsorbents in order to evaluate 
the adsorption capacities for BPA. The detail and method for determining the BPA adsorption 
isotherms were given in section 3.2.10.3.  
 
5.4.2.1 Bisphenol A adsorption fitted to Freundlich, Langmuir and Temkin equations 
 
The calculation and result of the linear plot by Freundlich, Langmuir and Temkin model 
equations are given in APPENDIX IV. The pH of all BPA solutions before and after 
adsorption tests were also measured and these were all below the pKa value of BPA.  From 
the result in Table 5-14 to 5-16, the indicative parameter values all suggest that BPA uptake is 
favoured. For example, all the P values are ≤ 7.5 which indicates that all adsorption data 
generally gives a good fit to each of the model equations (see Appendix IV for P values 
calculation). All the 1/n values of SASAs and CACs obtained from the Freundlich equation 
are between 0 and 0.55 indicating normal Freundlich isotherms. When 1/n is closer to 0 this 
shows that the adsorption intensity or surface heterogeneity is becoming more heterogeneous 
[239]. Also, all the RL values obtained from the Langmuir linear equation are between 0 ≤ 
0.249. The closer to zero for RL indicates that the BPA adsorption is very favourable, perhaps 
even irreversible. 
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Table 5-14 Parameters of Freundlich, Langmuir, Temkin adsorption isotherm equations of BPA adsorption by SAMS and coefficient estimations for 
fitted model equations  
ID 
  
Temp/Time  
(X1/X2) 
 Freundlich    Langmuir, 1/qe vs 1/Ce (Eq.1-10)   Langmuir, Ce/qe vs. Ce (Eq.1-9)    Temkin 
k  1/n R2 P   Q b RL R2 P   Q b RL R2 P   B A R2 P 
1 -1/-1 2.00 0.53 0.971 5.7   28.90 0.028 0.283 0.998 1.9   28.09 0.030 0.270 0.996 2.0   6.5 0.26 0.996 1.7 
2 1/-1 17.39 0.21 0.966 2.9 
 
43.86 0.199 0.053 0.986 1.9 
 
44.64 0.173 0.060 0.999 2.4 
 
6.9 6.21 0.976 1.9 
3 -1/1 10.63 0.27 0.973 3.0 
 
35.84 0.123 0.083 0.994 1.7 
 
36.76 0.106 0.094 0.999 1.9 
 
6.6 1.95 0.990 1.7 
4 1/1 26.87 0.16 0.968 2.7 
 
53.48 0.349 0.031 0.977 2.0 
 
54.95 0.264 0.040 0.999 3.0 
 
6.9 30.14 0.975 1.9 
5 0/0 17.54 0.24 0.995 1.2 
 
48.78 0.191 0.055 0.955 4.5 
 
53.19 0.115 0.087 0.995 5.1 
 
8.7 3.37 0.988 1.9 
6 0/0 18.39 0.21 0.984 2.1 
 
46.73 0.206 0.051 0.984 2.4 
 
48.78 0.152 0.068 0.999 2.8 
 
7.5 5.73 0.995 0.9 
7 -√2/0 2.75 0.44 0.965 4.8 
 
22.83 0.045 0.199 0.995 2.2 
 
22.88 0.044 0.200 0.995 2.2 
 
5.2 0.40 0.987 2.8 
8 √2/0 22.71 0.18 0.967 2.2 
 
48.08 0.328 0.033 0.856 5.2 
 
53.19 0.148 0.069 0.995 6.5 
 
7.1 13.12 0.952 2.7 
9 0/-√2 2.13 0.50 0.970 5.2 
 
24.94 0.033 0.249 0.999 1.5 
 
24.45 0.035 0.240 0.996 1.8 
 
5.7 0.30 0.993 2.0 
10 0/√2 22.63 0.20 0.989 1.6 
 
52.63 0.259 0.041 0.976 2.7 
 
55.25 0.173 0.060 0.998 3.9 
 
8.0 9.17 0.995 0.8 
11 0/0 19.17 0.21 0.984 2.1 
 
47.17 0.217 0.048 0.984 2.1 
 
49.02 0.162 0.064 0.999 2.6 
 
7.4 6.79 0.995 0.9 
12 0/0 17.33 0.23 0.983 2.4   47.85 0.185 0.056 0.972 3.6   50.76 0.129 0.079 0.996 4.2   8.2 3.76 0.984 1.8 
Coefficient estimations YA19           YA20                                
a0 18.11 
    
47.63 
               a1 7.48**1 
    
8.54**1 
               a2 5.89**2 
    
6.96**2 
               a12 0.21 
    
0.67 
               a11 -2.27**4 
    
-5.24**3 
               a22  -2.45**3 
    
-3.57**4 
               R2 0.9704 
 
      0.9294 
 
        
  
        
  
    
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 0.1) 
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Table 5-15 Parameter of Freundlich, Langmuir, Temkin adsorption isotherm equations of BPA adsorption by SARS and coefficient estimations for 
fitted model equations 
ID 
  
Temp/Time  
(X1/X2) 
 Freundlich    Langmuir, 1/qe vs. 1/Ce (Eq.1-10)   Langmuir, Ce/qe vs. Ce (Eq.1-9)   Temkin 
k  1/n R2 P   Q b RL R2 P   Q b RL R2 P   B A R2 P 
1 -1/-1 3.77 0.30 0.936 4.0   14.79 0.096 0.103 0.921 5.2   16.45 0.062 0.152 0.971 7.0   3.1 1.02 0.917 4.5 
2 1/-1 24.01 0.16 0.982 1.8 
 
47.85 0.339 0.032 0.947 3.4 
 
50.51 0.202 0.052 0.997 4.6 
 
6.3 25.52 0.978 1.5 
3 -1/1 18.47 0.19 0.995 0.9 
 
41.67 0.250 0.042 0.944 3.3 
 
44.44 0.151 0.069 0.997 4.6 
 
6.2 9.64 0.991 1.2 
4 1/1 45.26 0.14 0.999 0.4 
 
79.37 0.857 0.013 0.938 4.5 
 
86.21 0.294 0.036 0.997 8.4 
 
9.3 99.16 0.994 1.1 
5 0/0 34.96 0.17 0.997 0.9 
 
70.42 0.469 0.023 0.934 4.7 
 
76.34 0.209 0.050 0.997 6.9 
 
9.7 23.15 0.990 1.5 
6 0/0 33.84 0.17 0.987 1.6 
 
67.57 0.463 0.023 0.930 4.8 
 
73.53 0.198 0.053 0.994 7.9 
 
9.2 24.62 0.973 2.1 
7 -√2/0 2.20 0.39 0.919 7.5 
 
14.79 0.052 0.176 0.971 5.2 
 
15.02 0.049 0.184 0.958 5.5 
 
3.3 0.49 0.910 5.9 
8 √2/0 41.79 0.14 0.992 1.3 
 
71.94 0.790 0.014 0.910 4.3 
 
77.52 0.285 0.037 0.997 8.0 
 
8.2 122.19 0.982 1.6 
9 0/-√2 2.01 0.36 0.927 6.1 
 
11.30 0.060 0.156 0.978 4.5 
 
11.35 0.059 0.158 0.978 4.5 
 
2.4 0.63 0.931 5.3 
10 0/√2 48.57 0.15 0.994 1.3 
 
86.21 0.943 0.012 0.957 3.8 
 
91.74 0.361 0.030 0.998 7.9 
 
10.1 101.09 0.996 0.9 
11 0/0 36.27 0.15 0.997 0.7 
 
66.23 0.559 0.019 0.944 3.4 
 
70.92 0.259 0.041 0.998 6.1 
 
8.1 61.93 0.997 0.7 
12 0/0 34.85 0.16 0.991 1.3   67.11 0.478 0.023 0.958 3.2   71.43 0.256 0.041 0.998 5.4   8.7 36.79 0.992 1.0 
Coefficient estimations  YR19          YR20                               
a0 34.98 
    
67.83 
               a1 12.88**1 
    
18.95**2 
               a2 12.72**2 
    
20.54**1 
               a12 1.64 
    
1.16 
               a11 -6.68**3 
    
-12.27**3 
               a22  -5.04**4 
    
-9.57**4 
               R2 0.9598 
 
      0.9612 
 
        
  
        
  
    
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 0.1) 
 
Table 5-16 Parameter of Freundlich, Langmuir and Temkin adsorption isotherm equations of BPA adsorption by CACs 
ID 
 Freundlich      Langmuir, 1/(X/M) vs. 1/Ce      Langmuir, Ce/(X/M) vs. Ce      Temkin      
k  1/n R2 P   Q b RL R2 P   Q b RL R2 P   B A R2 P   
Hydrodarco_C 78.43 0.18 0.977 1.99   169.49 0.286 0.033 0.890 5.01   185.19 0.140 0.074 0.993 6.21   24.7 12.0 0.959 2.68 
 Pulsorb Pax 183.53 0.10 0.973 1.85 
 
277.78 1.286 0.008 0.894 3.63 
 
285.71 0.467 0.023 0.998 7.67 
 
24.3 1096.9 0.961 2.15 
 F400 247.86 0.13 0.930 4.41  400.00 1.923 0.005 0.992 1.90  400.00 1.923 0.006 0.998 1.90  38.8 671.6 0.938 3.72 
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Figure 5-19 BPA adsorption isotherms exhibited by a) SAMS and b) SARS 
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Figure 5-20 BPA adsorption isotherm exhibited by CACs 
 
Although, in general, the P values indicate that the adsorption data generally gives a good fit 
for all of the model equations, the results in Tables 5-14 and 5-15 suggest that most of BPA 
adsorption on to SAMS and SARS give the best fit to the Temkin and Freundlich model 
equations, respectively. This result implies that most of the BPA adsorption onto SASA is via 
a multilayer adsorption process. Thus, the fall in heat of adsorption is linear (Temkin) for 
SAMS or logarithmic (Freundlich) for SARS, except in the case where samples are prepared 
with a very low activation temperature (SAMS7, SARS7) or very short activation time 
(SAMS9, SARS9). In these cases, the BPA adsorption shows a monolayer uptake according 
to the Langmuir model. This result is not surprising, because it can be expected that the pore 
structure in these SASAs is not well developed. 
 
With reference to the CACs in Table 5-16 and Figure 5-20, a good fit to the adsorption data 
was observed because the P values were ≤ 5. The RL of the Langmuir model obtained from all 
of the CACs are very close to 0, especially Filtrasorb_400, indicating very favourable or 
irreversible adsorption. Filtrasorb 400 was among the best CAC for BPA uptake, with the 
adsorption data best fit to the Langmuir isotherm giving a Qmax of 400_mg/g. The BPA uptake 
by the other two CACs presented a best fit to the Freundlich model, indicating heterogeneous 
surface energies and multilayer adsorption occurred [240].  
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The regression analysis of the design matrix was applied to the response of BPA adsorption 
capacities obtained from both Freundlich (k value) and Langmuir (Qmax) equations. The 
coefficient estimation of the adsorption model equations and the significance of each model 
terms for SAMS and SARS were already given in Table 5-14 and 5-15, respectively, while 
the response plots are shown in Figure 5-21. Figure 5-21 a) and b) indicate that the optimum 
adsorption capacity of SAMS and SARS based on k value (Freundlich) are at 909°C/117_min 
and 931°C/111_min. These show the k value of 28.1_(mg/g)(l/mg)1/n and 
51.6_(mg/g)(l/mg)1/n, respectively, while the adsorption capacity result in Figure 5-21 c) and 
d) based on Qmax (Langmuir area at 891°C/102_min and 888°C/105_min, which show the 
Qmax of 55.1_mg/g and 87.2_mg/g, respectively. 
 
 
                                          (a)                                                       (b) 
 
                                          (c)                                                         (d) 
Figure 5-21 Contour plots of BPA adsorption capacities by SASAs; a) k of SAMS, b) k of 
SARS, c) Qmax of SAMS and d) Qmax of SARS 
 
From the results in Table 5-17, it can be seen that the k value experimental results of both 
SAMS and SARS give the best correlation coefficient (R) to the total PV of their SASAs with 
the positive strong correlation of 0.9828 and 0.9475, respectively, while the k values are 
found to be independent of micropore volume. The Qmax of SARS also gives the best R to the 
total PV with the positive correlation of 0.9273. Instead, the Qmax of SAMS give the best 
correlation to the meso & macropore SA followed by total PV, which are 0.9824 and 0.9588, 
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respectively. Thus, it could be generally said that BPA adsorption on to SASAs are mainly 
dependent on physisorption, which is associated with total PV. The maximum BPA 
adsorption capacities obtained from the SAMS and SARS are low compared to the three 
CACs and better than sludge chars. 
 
Table 5-17 Correlation coefficient (R) of SASAs between BPA adsorption data and nitrogen 
gas adsorption data 
 
 
5.4.2.2 Bisphenol A adsorption per unit area 
 
Table 5-18 BPA adsorption per unit area (BET SA versus k value or Qmax) and coefficient 
estimations for fitted model equations 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 
0.1) 
SASA 
type 
 
BET SA 
(YA11 or 
YR11) 
Meso & 
macropore 
SA 
(YA12 or 
YR12) 
Micropore 
SA 
(YA13 or 
YR13) 
 Total 
PV 
(YA14 
or 
YR14) 
Micropore 
PV 
(YA15 or 
YR15) 
Mesopore 
PV 
(YA16 or 
YR16) 
SAMS k (YA19) 0.7142 0.9637 -0.0170 0.9828 0.1137 0.9619 
  Qmax (YA20) 0.8185 0.9824 0.1386 0.9588 0.2666 0.9104 
SARS k (YR19) 0.8438 0.9104 0.2944 0.9475 0.3170 0.9131 
  Qmax (YR20) 0.8857 0.9212 0.3503 0.9273 0.3710 0.8824 
 
  
ID 
Code 
(Temp/ 
Time) 
X1/X2 
BPA adsorption capacity per unit area 
  
ID 
  
BPA adsorption 
capacity per unit 
area SAMS 
 
SARS 
k/SBET 
Qmax/ 
SBET 
  k/SBET 
Qmax/ 
SBET 
k/SBET 
Qmax/
SBET 
1 -1/-1 0.02 0.23 
 
0.02 0.09 Hydrodarco C 0.15 0.33 
2 1/-1 0.11 0.28 
 
0.11 0.21 Pulsorb Pax 0.23 0.34 
2 -1/1 0.07 0.25 
 
0.08 0.18 Filtrasorb 400 0.23 0.37 
4 1/1 0.19 0.37 
 
0.20 0.36 
   5 0/0 0.11 0.29 
 
0.13 0.27 
   6 0/0 0.11 0.28 
 
0.13 0.25 
   7 -√2/0 0.02 0.18 
 
0.01 0.08 
   8 √2/0 0.16 0.34 
 
0.18 0.31 
   9 0/-√2 0.02 0.20 
 
0.01 0.08 
   10 0/√2 0.14 0.33 
 
0.18 0.32 
   11 0/0 0.12 0.29 
 
0.14 0.26 
   12 0/0 0.10 0.29   0.13 0.26       
Coefficient 
estimate YA21   YA22    YR21   YR22        
a0 0.11 0.29 
 
0.13 0.26 
   a1 0.05**1 0.05**1 
 
0.06**1 0.08**1 
   a2 0.04**2 0.04**2 
 
0.05**2 0.07**2 
   a12 0.01 0.02 
 
0.01 0.02 
   a11 -0.01 -0.01 
 
-0.02**3 -0.03**3 
   a22  -0.01**3 -0.01   -0.02**3 -0.03**4       
R
2
 0.9786 0.9430   0.9730 0.9821       
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                                      (a)                                                                 (b) 
      
                                      (c)                                                                  (d) 
Figure 5-22 Contour plots of BPA adsorption per unit area of SASAs; a) k/SBET of SAMS, b) 
k/SBET of SARS, c) Qmax /SBET of SAMS and d) Qmax /SBET of SARS 
 
The adsorption per unit area was calculated based on Freundlich (k/SBET) and Langmuir 
(Qmax/SBET) models of SAMS and SARS. These results are shown in Table 5-18 and the 
response plots are given in Figure 5-22.  
 
From the results in Table 5-18, the positive influence from these two model terms indicate 
that increasing temperature and/or time helps to improve the BPA adsorption capacity per unit 
area. Low temperatures and short activation times are detrimental to BPA adsorption capacity 
per unit area. The effects of these responses are shown in Figure 5-22. Maximum k/SBET 
(Freundlich) and Qmax/SBET (Langmuir) of SAMS are 0.21_(mg/m
2)(l/mg)1/n and 0.41_mg/m2, 
respectively, while for SARS they are 0.23_(mg/m2)(l/mg)1/n and 0.39_mg/m2, respectively, 
which are obtained at the maximum edge of the boundary at 931°C and 117_min. These 
results are as expected and reflect the current understanding of the steam-carbon activation 
mechanism [241]. The maximum BPA adsorption capacity per unit area obtained from SAMS 
and SARS are higher than Hydrodarco C and comparable to Pulsorb Pax and Filtrasorb 400, 
despite the inorganic content. The reason behind this BPA adsorption behavior of the SASAs 
might originate from the fact that the lower carbon content per unit weight of the SASAs was 
actually very highly activated as a result of partial gasification which had helped create pores 
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and develop pore widening. This results in the widening of mesopores at high activation 
temperatures, which are the most suitable for the BPA molecule to fit. Thus, the non-carbon 
(ash) elements in the sludge dilute the effective adsorption per unit weight. 
 
From the results of the testing for the CACs shown in Table 5-18, Filtrasorb 400 and Pulsorb 
Pax give much higher adsorption capacities per unit area over the Hydrodarco C. Other than 
physical property of ACs, this result implies that the high inorganic content in Hydrodarco C 
(see section 5.2.2.1) and/or high surface pH of the AC (see section 5.2.4.1) are disadvantage 
for BPA adsorption. Furthermore, according to the adsorption mechanism of organic 
pollutants on AC by Coughlin et al. [242], the adsorption is based on ¶-¶ dispersion 
interaction between the aromatic ring electrons in the adsorbate and those on the basal plane 
of AC [118, 242]. Thus, Filtrasorb 400 (pH=8.1) and Pulsorb Pax (pH=8.2), which show 
surface pH close to the solution (water) compared to Hydrodarco C (pH=10.2), present a 
surface charge density closer to zero, respectively, and thus the dispersion interaction between 
adsorbent and adsorbate are enhanced because the BPA is still in its molecular form [118]. 
Nevertheless, in the case of SASAs, an optimization point for BPA adsorption (see section 
5.4.2.1) could be clearly identify. Also,  a high mineral content and pH at high activation 
temperature and prolonged activation time for SASAs were not a drawback for developing 
BPA adsorption. 
 
5.4.2.3 Bisphenol A surface area 
 
The test of individual variables in Table 5-19 indicates that the significant model terms for the 
SBPA response of SAMS and SARS based on the Prob>│t│ are the same as Qmax responses of 
these two SASAs and thus the same explanation can be used. The highest SBPA obtained from 
SAMS and SARS response are 156.9_m2/g and 248.4_m2/g respectively (Figure 5-23 (a) and 
(b)). Moreover, the results in Table 5-19 show that generally the SBPA are lower than SBET, 
except for SAMS4 and SARS4. The causes of this effect have been discussed in section 4.4.2. 
The most significant model terms for the response of % difference between SBET and SBPA 
based on the Prob>│t│ are negative influences from X1 and X2 terms. This means increasing 
temperature and/or time results in a decreasing SBET over SBPA (see Figure 5-23 (c) and (d)), 
the lowest % different being obtained at 931°C and 117_min.  It can be seen from Table 5-19 
that the % difference between SBET and SBPA of all CACs are less than │7│%. This shows 
that SBPA can be used as a rough guide for total SA determination. 
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Table 5-19 BPA SA and % difference to BET SA and coefficient estimations for RSM model 
 
# % Difference = (SBET-SBPA)/SBET x100 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 
0.1)  
 
 
               
                                      (a)                                                           (b) 
Figure 5-23 Contour plots of BPA SA a) SAMS and b) SARS; and contour plots of % 
difference to BET SA c) SAMS and d) SARS 
 
ID 
  
Temp/Time  
(X1/X2) 
SAMS   SARS 
SBPA % diff
#
   SBPA % diff
#
 
1 -1/-1 82.3 36 
 
42.1 73 
2 1/-1 124.9 21 
 
136.3 40 
2 -1/1 102.1 30 
 
118.7 49 
4 1/1 152.3 -6 
 
226.0 -2 
5 0/0 138.9 16 
 
200.6 24 
6 0/0 133.1 19 
 
192.4 29 
7 -√2/0 65.0 48 
 
42.1 77 
8 √2/0 136.9 5 
 
204.9 12 
9 0/-√2 71.0 44 
 
32.2 77 
10 0/√2 149.9 7 
 
245.5 8 
11 0/0 134.3 19 
 
188.6 25 
12 0/0 136.3 18   191.1 27 
Coefficient estimate YA23 YA24    YR23  YR24   
a0 135.7 18.0 
 
193.2 26.3 
a1 24.3**
1
 -14.0**
1
 
 
54.0**
2
 -22.0**
1
 
a2 19.8**
2
 -10.7**
2
 
 
58.5**
1
 -20.4**
2
 
a12 1.9 -5.3* 
 
3.3 -4.5 
a11 -14.9**
3
 2.8 
 
-34.9**
4
 8.3**
3
 
a22  -10.2* 2.3 
 
-27.3**
3
 7.3**
4
 
R
2
  0.9293 0.9530   0.9612 0.9788 
ID SBPA % diff
#
    
Hydrodarco C 482.7 7    
Pulsorb Pax 791.1 3    
Filtrasorb 400 1139.2 -6    
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                                      (c)                                                            (d) 
Figure 5-23 (continued) Contour plots of BPA SA a) SAMS and b) SARS; and contour plots 
of % difference to BET SA c) SAMS and d) SARS 
 
5.5 RESULT IV: OPTIMIZATION 
 
To facilitate their use for the removal of a large range of pollutants, the SASAs should have a 
large BET SA with significant micropore and mesopore volume [163]. Nevertheless, the 
optimum condition for BPA adsorption of SAMS and SARS are much different from the 
optimum condition of their response for BET SA [243] and require a much higher activation 
temperature and time. By using a high activation temperature and longer time, a higher 
energetic cost for the production process occurs, alongside lower SASA yields. Thus, the final 
optimum points can be divided into 2 categories; first, depending on the general optimisation 
using BET SA per batch (experimental BET SA multiplied SASA yield in %) and secondly, 
BPA adsorption capacity (based on k value multiplied by SASA yield in %) per batch. The 
BPA adsorption capacity per batch are calculated with the main aim to lower the energetic 
cost and to obtain higher SASA yield per batch, respectively, whilst still maintaining high 
BPA adsorption capacity. The coefficient estimations of fitted model equations and the 
response plots of BET SA and BPA adsorption capacities per batch are shown in Table 5-20 
and Figure 5-24, respectively.  
 
According to the individual variables in Table 5-20, the significant model terms for the BET 
SA per batch (per 100_g of original dry sludge) response of SAMS are X1
2, X2
2 and X1X2, 
respectively, while for SARS they are X2
2, X1
2 and X1X2, respectively. The effect of these 
significant model terms can be clearly seen in Figure 5-24 a) and b) with the highest SA per 
batch of SAMS obtained at 823°C and 63_min while for SARS is obtained at 802°C and 
73_min. The significant model terms for BPA adsorption capacity (k value) per batch 
response of SAMS and SARS are X1, X2, X1
2 and X2
2, respectively. The effect of these 
significant model terms can be clearly seen in Figure 5-24 c) and d) and the highest BPA 
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adsorption per batch of SAMS is obtained at 906°C and 96_min while for SARS is obtained 
at 866°C and 90_min, which at these optimum conditions show the BPA adsorption of 27.06 
and 47.40_(mg/g)(l/mg)1/n, respectively.  
 
Table 5-20 Coefficient estimations of BET SA and BPA adsorption capacities per batch of 
SASAs 
 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 
0.1) 
 
       
                                    (a)                                                                  (b) 
      
                                     (c)                                                                 (d) 
Figure 5-24 Contour plots of BET SA per batch a) SAMS and b) SARS and BPA adsorption 
capacity per batch c) SAMS and d) SARS 
 
  
Coefficient estimate 
 SAMS response per batch    SARS response per batch  
BET  k 
 
BET k 
YA25 YA26   YR25 YR26 
a0 7795.1 854.7 
 
6530.6 874.6 
a1 -27.9 312.5**
1
 
 
-114.8 255.1**
1
 
a2 56.2 250.9**
2
 
 
269.6 251.7**
2
 
a12 -468.5**
3
 -26.7 
 
-772.3**
3
 -36.7 
a11 -764.9**
1
 -133.0**
3
 
 
-693.5**
2
 -201.6**
3
 
a22  -419.2**
2
 -123.4**
4
 
 
-731.9**
1
 -154.9**
4
 
R2  0.8555 0.9564   0.8573 0.9324 
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Table 5-21 Predicted response at optimum conditions 
  SAMS   SARS 
Predicted responses 
BET SA per batch 
optimum conditions 
BPA adsorption capacity per batch 
optimum conditions 
 
BET SA per batch 
optimum conditions 
BPA adsorption capacity per batch 
optimum conditions 
  (823°C/63 min) (906°C/96 min)   (802°C/73 min) (866°C/90 min) 
SASA yield (%)  47.1 41.7 
 
25.1 21.3 
SASA yield (g)  98.9 87.5 
 
52.6 44.7 
Liquid yield (g) 76.0 77.7 
 
111.5 112.0 
Gas yield (g) 79.1 112.1 
 
97.0 116.4 
Carbon burn-off (%) 2.7 6.0 
 
5.2 6.9 
Total water used for gasification (g) 20.1 41.2 
 
23.2 34.7 
gasification rate (g/min) 0.32 0.42 
 
0.32 0.39 
experimental ash content (%) 81.3 88.7 
 
62.9 72.5 
calculate ash content (%) 85.7 96.8 
 
81.4 93.5 
ash removal (%) 4.5 8.1 
 
18.5 21.0 
BET SA (m2/g) 165.4 146.8 
 
262.9 262.7 
Micropore SA (m2/g) 76.3 50.3 
 
112.4 91.9 
Meso & Macropore SA (m2/g) 89.1 96.5 
 
150.5 170.8 
Total PV (ml/g) 0.1891 0.2180 
 
0.2047 0.2740 
Micropore volume (ml/g) 0.0340 0.0222 
 
0.0476 0.0392 
Mesopore volume (ml/g) 0.1545 0.1958 
 
0.1571 0.2348 
HK peak (dW/dR) 1.99 1.28 
 
3.68 2.54 
pH 8.8 9.7 
 
8.6 8.9 
BPA adsorption capacity, k  
((mg/g)(l/mg)1/n) 
18.33 27.06 
 
33.84 47.40 
BPA adsorption capacity, Qmax 
(mg/g) 
47.90 54.77 
 
66.42 85.02 
BPA adsorption per unit area, 
k/SBET-A ((mg/m2)(l/mg)1/n) 0.11 0.19 
 
0.13 0.19 
BPA adsorption per unit area, 
Qmax/SBET-A (mg/m2) 
0.29 0.38 
 
0.25 0.34 
BPA SA (m2/g) 136.4 156.0 
 
189.1 242.1 
SA different (%) 17.6 -6.6   28.3 3.6 
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These results show that even though the maximum BET SA and BPA adsorption capacity per 
gram of SARS are higher than SAMS, the BET SA per batch and BPA adsorption capacity 
per batch of SAMS are higher than SARS. Thus, this indicates that both the DMAD and 
DRAW sludge are comparable raw material to convert into SASAs. Nevertheless, the SARS 
could be applied to remove pollutants in a higher dose compare to SAMS due to the lower 
inorganic content and hence lower leaching potential of SARS [243]. The results in Figure 5-
24 also indicate that the optimum temperature and time obtained from BET SA per batch and 
BPA adsorption capacity per batch are lower than the optimum condition obtained from 
simply considering the BET SA and k value and thus, this could help reduce the energetic 
costs while the SASA still exhibits high adsorption capability to a wide range of pollutants as 
well as BPA. A summary of the highest predicted value of selected response at the optimum 
condition of BET SA per batch and BPA adsorption capacity per batch of both SASAs are 
shown in Table 5-21. 
 
5.6 SUMMARY 
 
5.6.1  SASA production and their characterization 
 
The optimisation of steam activation of sludge by RSM showed that increasing temperature 
and/or time resulted in a higher carbon burn-off, reducing both the SAMS and SARS yields. 
The SASA yield for SAMS and SARS were 39.0-51.5_% and 16.2-42.0_%, respectively 
although the yield of SAMS were generally ~20% higher than SARS. This was mainly a 
consequence of the lower volatile content within DMAD sludge and possibly a slightly lower 
gasification rate and carbon burn-off compared to DRAW sludge during steam activation, 
under the same activation conditions (especially at high activation temperature and time). 
However, increasing activation time resulted in a higher carbon burn-off compared to 
increasing temperature. The gasification rate was seen to be dependent on temperature and the 
remaining carbonaceous content in the reactor. 
 
5.6.2 SASA production from various sludge types and their characterization  
 
The sludge from different sources and treatment methods generally produced SASAs with a 
range of physical and chemical characteristics. Anaerobically digested sludge (without lime 
addition) yielded similar physical properties (SA), C and mineral content irrespective of 
source and treatment method, after steam activation. The reason for these similarities may be 
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attributed to the fact that the digestion process removes the same components from the 
carbonaceous content of the sludge.  
 
The only significant difference between the anaerobically digested sludge from different 
sources was the relative amount of minerals within the ash, which make only a slight 
contribution to the physical (yield, ash, C content and total SA) and chemical characteristics 
of their SASAs. The only difference between the SASAs were the micropore and mesopore 
fraction, which was caused by excessive or inadequate burn-off in order to achieve the highest 
total SA for each of the SASAs.  
 
Thus, each type of sludge used in this study, whether it is anaerobically digested (with or 
without lime addition), aerobically digested or raw sludge, displays slight differences in their 
activation behaviour. Thus, for true optimisation a unique RSM model would be required for 
each sludge type and source. Nevertheless, for sludge with the same treatment method, the 
same optimum conditions could be applied to produce similar SASA yield, ash, carbon 
content and total SA.  
 
The RSM model has been shown to be a useful tool for identifying the optimal production 
conditions for processing precursor carbon feedstock. The fitted model equations with the 
coefficient estimations obtained from RSM model can be used for future prediction for steam 
activation experiments with an error less than 13_% for DMAD sludge (based on SASA yield, 
experimental ash content and BET SA of SAMS produced from different batch of DMAD 
sludge) and less than 7_% for DRAW sludge (based on the same batch of DRAW sludge).  
 
Results suggest that sludge with lime added are least suitable for producing SASA, due to 
their low C content and the acceleration of gasification reactions, which is attributable to their 
high Ca content. Except for the limed sludge, it can generally be said that sludge is a good 
precursor for carbonaceous adsorbent manufacture. The best sludge from this study for 
producing high total SA SASA are: DRAW, DSBS, DMAD, KAN and GOS sludge 
respectively although on a per batch basis, DSBS, DMAD, GOS, KAN and DRAW sludge, 
respectively, are preferred. 
 
The leaching test result based on DRAW_S and DMAD_S indicate that the SASAs are safe to 
use in wastewater with the limit of use less than 3_g/l and 2_g/l (based on wastewater 
discharge limit), respectively. Nevertheless, SASAs tests in real wastewater should be 
  202 
performed and all of the major species including: As, Cd, Cr, Cu, Pb, Hg, Se, Zn and Ag 
should be measured prior to use. 
 
5.6.3 BPA adsorption by SASAs  
 
The BPA adsorption kinetics test showed that adsorption by SAMS and SARS are at 
equilibrium after 168 hours. Nevertheless, 80_% of the BPA adsorption by SAMS and 77_% 
by SARS are completed within 24 hours which was used to determine BPA adsorption 
isotherm tests. 
 
All the SASA adsorption data exhibited “type L” or “Langmuir” sub-group 2c isotherm 
according to the Giles classification of liquid/solid isotherm shape [55]. This indicates that the 
BPA molecules are adsorbed flat on SASAs or occasionally in a vertical orientation. Strong 
intermolecular attraction is also indicated, meaning that the SASAs have micropores but the 
accessible internal area is relatively low when compared with the external area. Hydrodarco C 
show the same type of isotherm to the SASAs while Filtrasorb 400 and Pulsorb Pax show type 
L and/or type H isotherms with sub-group 2. This shows that the micropores in these two 
ACs are easier to access when compared with the Hydrodarco C and SASAs. 
 
All BPA adsorption data was found to fit well with Freundlich, Temkin and Langmuir model 
equations according to the P values. Most of the BPA adsorption data from SASAs gave a 
slightly better fit to Freundlich and/or Temkin model equations. The only exception occurred 
when very low activation temperature (719°C/60min) or very short activation times 
(825°C/3min) were used. In these cases the Langmuir model was found to give a better fit to 
the adsorption data due to the low extent of activation and hence narrow micropore structure 
present in the SASAs and thus a change to monolayer adsorption occurred. 
 
BPA adsorption is mainly depended on physisorption, which is significantly influenced by the 
total PV of SASAs, which show positive R > 0.9273 when correlated to the adsorption 
capacities Qmax (Langmuir) and k (Freundlich). The maximum BPA adsorption capacities 
obtained from the SAMS and SARS are low compared to the three CACs. The maximum 
BPA adsorption capacities for SAMS and SARS according to the k were 
28.1_(mg/g)(l/mg)1/n_(909°C/117min) and 51.6_(mg/g)(l/mg)1/n (931°C/111min). According 
to Qmax they were 55.1_mg/g (891°C/102min) and 87.2_mg/g (888°C/105min). The 
maximum BPA adsorption of CAC was obtained from Filtrasorb_400, which show the Qmax 
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of 400_mg/g. These maximum BPA adsorption capacities of SAMS and SARS are much 
greater than DMAD and DRAW chars and other carbonized biomass derived from bamboo, 
saw dust and wood chip [138, 139]. 
 
Although all of the CACs have much greater BPA adsorption capacities, much lower 
inorganic content and higher SA than the SASAs produced at high activation temperature and 
time, the BPA adsorption per unit area of these SASAs are all better than Hydrodarco C and 
some SASAs are comparable to the Pulsorb Pax and Filtrasorb 400.  The reasons for this 
superior BPA uptake by SASAs, Pulsorb Pax and Fitrasorb_400 over Hydrodarco C, could be 
due to the much lower PV above 5_nm exhibited by Hydrodarco C (the micropore/mesopore 
volume fraction of Hydrodarco C is also lower than another CACs). Thus, the PV at and 
above 5_nm appears critical for BPA molecules to be well captured. The higher pH and 
inorganic content of Hydrodarco C compared to other CACs may also be factors that lower 
the BPA adsorption per unit area. Intriguingly, the high iron content, above other metal 
species, in the SASAs could positively influence the BPA adsorption per unit area of SASAs 
making them comparable to Pulsorb Pax and Filtrasorb_400.  
 
5.6.4 Final optimization production conditions for SASAs 
 
Carbonization and steam activation by a one step process of sludge has been proven to be a 
successful and energy efficient method for converting sludge into SASAs.  The final 
optimized steam activation conditions, based on SAMS and SARS, for general application 
were at 823°C/63_min and 802°C/73_min, respectively. For BPA adsorption and other EDCs 
adsorption applications, these optimum points are at 906°C/96_min and 866°C/90_min, 
respectively. 
 
Optimized SAMS was found to be slightly better in term of BET SA and BPA adsorption per 
batch compared to the optimized SARS. Nevertheless, according to the leaching test, the 
SARS produce a lower leaching response compared to SAMS. Thus, in term of production 
and use, SARS could be a better option for application in real wastewater and landfill leachate 
treatment. 
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6 POTASSIUM CARBONATE ACTIVATION OF SEWAGE SLUDGE 
 
6.1 INTRODUCTION 
 
Even though carbonization and physical activation methods are the most economical and 
sustainable methods for the production of AC and SBA, the SA and PV obtained by these 
methods are usually far lower than for chemical activation methods. Therefore, many studies 
have been conducted on the production of SBAs by chemical activation in order to achieve a 
higher SBA SA [2, 244-246]. Among the chemical reagents used for SBA production 
described earlier in section 1.2.4, KOH is the best performing chemical reagent for the 
production of AC from sludge, based on general application as determined by BET SA. The 
highest BET SA SBA produced by the KOH activation method is 1882_m2/g, produced via a 
two-step process (carbonization at 700°C for 30 min followed by activation with KOH at a 
KOH: sludge ratio of 1:1 at 700°C for 60_min) from biological sludge from synthetic 
wastewater [221]. The production of SBAs by chemical activation in several reported 
experiments is based on either a single step process or a two-step process depending on the 
researchers. This is sometimes based on their previous experiences and research on each 
chemical activating reagent used. The SBAs produced by chemical activation were 
successfully used as adsorbents for phenol, metal cations (Mg2+, Cu2+, Ni2+, Cd2+, Hg(II)), 
dyes (Methylene blue, Basic blue 46, Indigo carmine, Acid red 18, Basic violet 4, Erythosine, 
Crystal violet) and CCl4. A more detailed discussion of these adsorbates can be found in 
Smith et al. [2] and Ahmad et al. [42]. 
 
Among the chemical reagents used for AC production, K2CO3 is one of the most interesting 
chemicals to consider for the production of SBAs. This study is the first time it has been 
investigated for the production of SBA [3, 43]. There has been a recent study of Biochar 
production using K2CO3 [3] although the usage was as a low-temperature pyrolysis control 
agent, not as an activating agent. Secondly, it is more weakly oxidizing and less hygroscopic 
than KOH or NaOH; less toxic than reagents such as ZnCl2, H2SO4 and K2S and easily 
soluble in water, so the reagent remaining after activation can easily be removed. This 
suggests that the use of K2CO3 for SBA production could be more economical and more 
sustainable than the aforementioned chemical reagents due to lower plant maintenance and 
pollutant management costs as well as being safer for application in the removal of chemical 
pollutants in wastewater. Finally, K2CO3 has been shown to be one of the most successful 
chemical reagents for producing a very high SA AC from waste newspapers, waste bean-curd, 
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cork wastes and nutshells [246-248].  It has been reported that the BET SA of AC produced 
from bean curd waste by K2CO3 yields the highest BET SA compared to other reagents as 
follows; H3PO4_[600m
2/g] < ZnCl2_[1200m
2/g] < NaOH_[1400m2/g] < Na2CO3_[1700m
2/g] < 
K2CO3_[2660m
2/g] [246, 249]. AC derived from waste newspapers also shows that K2CO3 
yields a greater SA than other reagents as follows; Li2CO3_[790m
2/g] < Na2CO3_[810m
2/g] < 
NaOH_[870m2/g] < KOH_[1340m2/g] < Rb2CO3_[1370m
2/g] < Cs2CO3_[1390m
2/g] < 
K2CO3_[1740m
2/g] [246]. These given SAs were from ACs produced based on the same 
mixing ratio and optimization of the activation temperature in order to achieve the highest SA. 
All in all, it is therefore of interest to examine the use of K2CO3 as a new activating reagent 
for producing SBA.  
 
In this chapter, the study of a single step process of carbonised DMAD sludge impregnated 
with K2CO3 is described. A three parameter RSM was used to design a set of experimental 
conditions with varying activation temperatures, times and impregnation ratios in order to 
identify the optimal production conditions.  The unwashed K2CO3 SBAs were washed by two 
processes; first by water and second by HCl followed by water. The SBAs were subjected to 
various physical and chemical characterisations. The water washed (WW) and acid washed 
(AW) K2CO3 SBAs were subjected to BPA adsorption kinetics and isotherm tests. Freundlich, 
Langmuir and Temkin adsorption models were used to fit the adsorption data obtained from 
K2CO3 SBAs. The optimized production conditions including activation temperature, time 
and impregnation ratio as determined by BPA adsorption capacity could then be determined 
by using an RSM.  
 
6.2 RESULTS I: K2CO3 ACTIVATION OF SLUDGE AND 
CHARACTERISATION OF THE SBAs 
 
In this chapter, DMAD6 sludge was used for all K2CO3 activation experiments. The sample 
ID has been written as “K/ID  run/washing process”. “K” stand for K2CO3. “W” and “A” 
stand for water and acid washing, respectively. For example, “K1A” represents K2CO3 
activation of sludge produced at ID run 1 followed by acid washing. 
 
6.2.1 Thermal analysis 
 
The thermal analysis of DMAD sludge impregnated with K2CO3 at different impregnation 
ratios is shown in Figure 6-1 and the peak ranges and locations are summarized in Table 6-1. 
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The summary and short discussion of these thermal analysis results is based on the TG-MS 
analysis, XRD and FTIR results of K2CO3 impregnated sludge of a 1:1_wt% ratio, of which a 
more detailed explanation are given in Chapter 7, section 7.2.7. The TG and DTG results in 
Figure 6-1 could be divided roughly into 3 main weight loss regions as follows; 
 
Table 6-1 Summary of weight loss region and peak location of K2CO3 impregnated sludge 
during thermal analysis under a N2 atmosphere 
 
 
1) Up to 140°C, the weight loss in this region could be attributed to the loss of sorbed water 
that was still present in the impregnation samples.  
 
2) Between 140-500°C activity can be divided into three sub-regions according to the 
presence of the peaks. Sharp peaks appear between 140-210°C (for impregnation ratio of 
1:0.5 %, a slight weight loss shoulder) and could be attributed to the decomposition reaction 
of KHCO3, as its decomposition temperature is between 100-200°C. KHCO3 was a 
breakdown product of K4H2(CO3)3·1.5H2O that had been previously formed during the 
impregnation process (see XRD results in section 7.2.6.1). The decomposition reactions 
describing this are given in Table 6-1. From 210°C to 500°C, the weight loss was mainly 
attributed to sludge degradation. The highest weight loss is observed in the DTG curve of the 
impregnated sludge: K2CO3 ratio of 1:0.5_%wt followed by 1:1, 1:2 and 1:3.5_%wt, 
respectively.  
Region  
 weight loss range [peak location] of impregnation 
sludge (sludge:K2CO3 by % wt)  Remarks 
    1:0.5 1:1 1:2 1:3.5 
1) < 
140°C 25-140 25-140 
25-140 
[97] 25-140 sorbed water 
2) 140-
500°C 
140-210 
 
 
210-310 
[260] 
 
310-500 
[360, 420] 
 
 
140-210 
[200] 
 
210-310 
[260] 
 
310-500 
[360,420] 
 
 
140-210 
[195] 
 
210-310 
[260] 
 
310-500 
 
 
 
140-210  
[190] 
 
210-310  
[270] 
 
310-500 
 
 
 
K4H2(CO3)3·1.5H2O→K2CO3·1.5H2O+2KHCO3 
2KHCO3→K2CO3+H2O + CO2  
 
 
 
 
 
 
mainly from the breakdown of organic matter in 
sludge   
3) 500-
1000°C 
500-780 
[680] 
 
780-1000 
[960] 
500-760 
 
 
760-1000 
[872] 
500-760 
 
 
760-1000 
[850, 935] 
500-760 
 
 
760-1000  
[820, 1000] 
-mainly from the reaction between K2CO3 and 
carbon 
-the decomposition of the remaining K2CO3 in 
impregnated samples and its gasification 
byproducts reacting with carbon   
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Figure 6-1 Thermal analysis of DMAD sludge impregnated with K2CO3 
 
3) From 500-1000°C, the weight loss is mainly due to the reaction between K2CO3 and C, in 
which the main reaction in this region is 2𝐶 + 𝐾2𝐶𝑂3 → 2𝐾 + 3𝐶𝑂 as mentioned by [244, 
246]. It can also be clearly seen that a higher impregnation ratio of K2CO3 can shift the 
reaction to react quicker according to the weight loss peak of 960, 872, 850 and 820°C, 
corresponding to the impregnation ratios from 1:0.5 up to 1:3.5, respectively. Moreover, 
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weight loss in this region could also be due to the decomposition of the remaining K2CO3 
(decomposition temperature at 891°C) in the impregnated sludge, which could correspond to 
the peaks at 935°C and 1000°C of sludge with a sludge:K2CO3 ratio of 1:2 and 1:3.5, 
respectively. 
 
It could be said that K2CO3 was reacting as a dehydrogenation reagent during impregnation 
and early stage of activation at below 500°C [244]. Over the temperature of 500°C, the C 
reaction with K2CO3 became more influential in pore development. However, at temperatures 
over 900°C, this could result in excessive pore expansion. This was due to the reaction 
between CO, which was the decomposed by-product of the K2CO3–C reaction and so the 
carbon burn-out might be too high in this temperature range. Thus, the temperature between 
600-900°C was chosen to be the most appropriate activation temperature range for RSM 
design. 
 
6.2.2 Product yields 
 
The WW and AW SBA yields were calculated based on the SBA yield calculated from the 
mass of sludge in the dry impregnated samples used in the experiment, which is widely 
applied in the literature [250, 251]. The results are shown in Table 6-2.   
 
Table 6-2 % WW and AW K2CO3 SBA yields 
 
 
ID 
(Temp/Time/ 
sludge:K2CO3 ratio) 
 
Exp code 
(X1/X2/X3) 
  
% yield 
   
 
WW SBA AW SBA 
 (AY)  (WY) 
K1(600/20/1:2) -1/-1/0 
 
41.8 21.8 
 K2(900/20/1:2)  1/-1/0 
 
26.3 14.2 
 K3(600/220/1:2) -1/1/0 
 
44.2 24.1 
 K4(900/220/1:2) 1/1/0 
 
28.2 10.0 
 K5(600/120/1:0.5) -1/0/-1 
 
45.0 27.0 
 K6(900/120/1:0.5) 1/0/-1 
 
36.7 19.0 
 K7(600/120/1:3.5) -1/0/1 
 
25.4 20.5 
 K8(900/120/1:3.5) 1/0/1 
 
31.9 10.0 
 K9(750/20/1:0.5)  0/-1/-1 
 
41.3 23.6 
 K10(750/220/1:0.5) 0/1/-1 
 
37.3 22.6 
 K11(750/20/1:3.5) 0/-1/1 
 
35.8 14.1 
 K12(750/220/1:3.5) 0/1/1 
 
28.7 5.4 
 K13(750/120/1:2) 0/0/0 
 
28.7 18.3 
 K14(750/120/1:2) 0/0/0 
 
37.2 15.3 
 K15(750/120/1:2)  0/0/0 
 
28.4 18.0 
 K16(750/120/1:2) 0/0/0  27.6 24.6  
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Table 6-3 ANOVA of WW and AW K2CO3 SBA yields 
 
 
Table 6-4 Test of individual variables of WW and AW K2CO3 SBA yields, linear model 
 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 
0.1)  
 
After applying regression analysis to the design matrix and the washed SBA yields, 
coefficient estimates for the fitted polynomial quadratic model equation were obtained. 
However, the test results of the individual variables reveal that the interaction terms and 
squared terms are insignificant (Prob>│t│ greater than 0.05). Additionally, for WW SBA 
yields, the F-value and Prob>F are lower and greater than F critical value (F0.05,9,6=4.10) and 
0.05, respectively, which indicate that the model is not significant. Also, the R2 for WW SBA 
yields are lower than 0.8. Thus, the second-order polynomial model was reduced to a linear 
model in order to provide a valid model where all the parameters are statistically significant 
for the washed SBA yields. ANOVA and test results of individual variables from a linear 
model of washed K2CO3 SBA yield are shown in Table 6-3 and 6-4, respectively.  
 
From the results in Table 6-3, the F-test of regression (model) of AW SBA yield model > the 
F-critical value (F0.05,3,12=3.49, see Chapter 3 section 3.3.2.3), which indicates that the model 
is significant. Additionally, the Prob>│F│ obtained from the lack of fit test is  greater than 
0.05, which means that the linear model is statistically significance fit. 
 
An example for the final model in terms of code values for AW SBA yield (%) is given in 
Equation 6-1 and the response plot is given in Figure 6-2. 
 
𝑌𝐴𝑌 = 18.03 − 5.03𝑋1 − 1.45𝑋2 − 5.28𝑋3                  Equation 6-1 
Response Source DF SS MS F Prob > F R
2
 
YWY Model 3 329.67 109.89 3.87 0.0380 0.4916 
 
Residual 12 340.94 28.41 
   
 
Total 15 670.61 
    YAY Model 3 441.43 147.14 14.92 0.0002 0.7886 
 
Residual 12 118.32 9.86 
   
 
Total 15 559.75 
     
Response Variable Coefficient estimate Prob > │t│ 
YWY Intercept 34.03 < 0.0001 
 
X1 -4.16 0.0474** 
 
X2 -0.85 0.6600 
  X3 -4.81 0.0253** 
YAY Intercept 18.03 < 0.0001 
 
X1 -5.03 0.0007** 
 
X2 -1.45 0.2160 
  X3 -5.28 0.0005** 
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Figure 6-2 3D response surface plot of AW K2CO3 SBA yield (%) and contour plot at activation time of 20, 120 and 220 min 
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Based on the tests of individual variables in Table 6-4, activation temperature (X1) and 
impregnation ratio (X3) play an equally significant role in decreasing AW SBA yield, while 
the activation time is found to be insignificant compared to the other two parameters. 
Increasing temperature could result in a quickening of  the gasification reactions and thus 
result in the removal of amorphous contents that obstruct pores, resulting in a decrease in the 
C yield [156]. Also, a higher number of reactions between K2CO3 and C could also occur at 
higher temperatures more readily than at lower temperatures as already explained in section 
6.2.1, thus resulting in a higher burn-off at high temperatures. A negative correlation of 
impregnation ratio with SBA yield development is due to an increasing release of volatile 
products as a result of intensifying dehydration and elimination reactions [252]. From the 
results in Figure 6-2, the range of the AW SBA yields is 6.3-29.8_%, for which the minimum 
and maximum value are obtained at (900°C/220min/3.5%wt) and (600°C/20min/0.5%wt) 
respectively. 
 
As the R2 obtained from the fitted data for WW SBA yields was still low, even though the 
model was adjusted to a linear type as shown in Table 6-3, a response plot was not created. 
Nevertheless, according to the tests of individual variables for WW SBA yields in Table 6-4, 
the result of Prob>│t│ indicates that activation temperature (X1) and impregnation ratio (X3) 
also play a major role in the development of the SBA yield. The positive correlation 
coefficient (R) between WW and AW yields is found to be lower than 0.8 and thus these two 
types of yields do not exactly correspond to each other. Nevertheless, using calculations based 
on the average value from all experimental runs and/or by comparison in most of the 
individual experimental runs, the WW SBA yields (25.4-44.2_%) are around double the AW 
SBA yields. The higher WW SBA yields generally arise from remaining inorganic species 
such as Fe, Ca, Al, Si and P [154] and these inorganic species could be well dissolved in HCl 
treatment [253]. 
 
6.2.3 Nitrogen gas adsorption 
 
Selected K2CO3 SBAs after water washing (K16W) and acid washing (K1A-K16A) were 
subjected to nitrogen gas adsorption analysis to determine SA, PV and pore structure.  
 
6.2.3.1 Nitrogen gas adsorption isotherms  
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Adsorption/desorption isotherms of selected K2CO3 SBAs after water washing and acid 
washing are shown in Figure 6-3. From the graph, all K2CO3 SBAs exhibited type IV 
isotherms with IUPAC characteristic H3 or H4 hysteresis loops [26, 51]. Focusing on K3A 
(600/220/1:2) and K4A (900/220/1:2), it can be seen that K3A (low activation temperature) 
results in a type H4 hysteresis loop while K4A (high activation temperature) results in a type 
H3 hysteresis loop and thus implies that the slit-shaped pore structures formed are of a more 
uniform size at low activation temperatures. Moreover, a prolonged activation time at higher 
activation temperatures can result in a lower micropore and mesopore adsorption volume due 
to pore destruction. An example of this is seen when comparing the K2A and K4A samples. 
Based on the K10A and K12A SBAs, a higher impregnation ratio (K12A) could result in a 
higher adsorption in the micropore and mesopore range. On the other hand, a high 
impregnation ratio only improves adsorption in mesopores whilst reducing the adsorption in 
the micropore range, as can be seen when comparing K6A and K8A when using a high 
activation temperature of 900°C. Finally, it can be seen that acid washing helps improve N2 
adsorption in both the micropore and mesopore range when comparing the K16W and K16A 
SBAs. 
 
 
Figure 6-3 Nitrogen gas adsorption/desorption isotherms of washed K2CO3 SBAs 
 
6.2.3.2 Surface area 
 
            K2A (900/20/1:2) 
            K3A (600/220/1:2) 
            K4A (900/220/1:2) 
            K6A (900/120/1:0.5) 
            K8A (900/120/1:3.5) 
            K10A (750/220/1:0.5) 
            K12A (750/220/1:3.5) 
            K16A (750/120/1:2) 
            K16W (750/120/1:2) 
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Experimental results of BET, meso-, macro- and micropore SAs together with other 
characterization parameters of AW (K1A-K16A) and WW SBAs (K16W), obtained from 
nitrogen gas adsorption tests are shown in Table 6-5. By comparing the experimental values 
of WW and AW SBAs (K16W and K16A) in Table 6-5, it can be seen that acid washing can 
help to increase micropore, total and meso- & macropore SAs by 2.1, 2.0 and 1.7 fold, 
respectively, when comparing the SAs of K16A and K16W. 
 
After applying regression analysis to the design matrix and the SAs of AW SBAs, the final 
models were created. ANOVA of all AW SBA SAs fit quadratic model equations (Table 6-6) 
and indicate that all of the models are significant due to F-values > F-critical value, 
Prob>│t│ less than 0.05 and R2 ≥ 0.8. 
 
Table 6-5 SA of WW and AW K2CO3 SBAs  
*relative pressures of selected BET data (P/P0) are between 0.00001-0.25 and R2 are between 0.9999-1.0000 
**film thicknesses of selected t-plot data are between 5-11 and R2 are between 0.9993-1.0000 
 
Table 6-6 ANOVA of AW K2CO3 SBA SAs 
 
 
  Exp code BET*    t-plot**   Micropore 
SA 
(m2/g) 
ID Temp/Time/Ratio Total SA C value 
 
Meso & Macropore or t-plot SA 
  (X1/X2/X3) (m
2/g)     (m2/g) 
K1A -1/-1/0 674.7 1707 
 
103.6 571.1 
K2A 1/-1/0 1614.8 68 
 
445.9 1168.9 
K3A -1/1/0 857.0 2302 
 
130.2 726.8 
K4A 1/1/0 676.6 67 
 
818.9 (676.6*) 0 
K5A -1/0/-1 672.0 2171 
 
174.0 498 
K6A 1/0/-1 1083.0 112 
 
314.0 769 
K7A -1/0/1 762.8 4323 
 
104.8 658 
K8A 1/0/1 965.9 71 
 
705.4 260.4 
K9A 0/-1/-1 1093.7 401 
 
216.3 877.4 
K10A 0/1/-1 1130.0 227 
 
234.6 895.4 
K11A 0/-1/1 1544.2 184 
 
256.2 1288 
K12A 0/1/1 1693.0 80 
 
366.5 1326.6 
K13A 0/0/0 1535.5 128 
 
366.5 1169 
K14A 0/0/0 1648.0 122 
 
393.8 1254.2 
K15A 0/0/0 1645.4 126 
 
341.5 1303.9 
K16A 0/0/0 1608.0 139   350.3 1257.8 
K16W 0/0/0  810.8 165.9   211.7 599.1 
Response Source DF SS MS F Prob > F R
2
 
YBET -A Model 9 2177113.7 241901.5 5.65 0.0236 0.8945 
 
Residual 6 256732.1 42788.7 
     Total 15 2433845.8         
YMic SA-A Model 9 2150444.5 238938.3 4.35 0.0438 0.8671 
 
Residual 6 329678.9 54946.5 
     Total 15 2480123.5         
YMes SA-A Model 9 465881.5 51764.6 33.67 0.0002 0.9806 
 
Residual 6 9224.1 1537.4 
     Total 15 475105.6         
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Table 6-7 Test of individual variables of AW K2CO3 SBA SAs for the quadratic model 
 
**significant influence (Prob>│t│ lower than 0.05); *influence but not significant (Prob>│t│ between 0.05 and 
0.1) 
 
From the coefficient estimate in Table 6-7, the fitted model equation of BET SA in terms of 
coded values is shown in Equation 6-2.  
 
𝑌𝐵𝐸𝑇−𝐴 = 1609.2 + 171.7𝑋1 − 71.4𝑋2 + 123.4𝑋3 − 280.1𝑋1𝑋2 − 52.0𝑋1𝑋3 + 28.1𝑋2𝑋3 −
573.9𝑋1
2 − 79.6𝑋2
2 − 164.4𝑋3
3                                                                            Equation 6-2
                  
From the result in Table 6-7, the significant model terms for BET SA based on the Prob>│t│ 
are X1
2 (a11=-573.9) and X1X2 (a12=-280.1), respectively. Even though, temperature (X1) does 
not have a significant linear effect it exerts a negative quadratic influence (X1
2) on the BET 
SA development. This shows that the BET SA is developed at intermediate values in the 
chosen temperature range. Temperatures that are too high or too low are disadvantageous for 
BET SA development. This strong X1X2 effect can be seen in contour plots between activation 
temperature and time at a fixed impregnation ratio in Figure 6-4 while the squared term effect 
(X1
2) can be seen in the plots between temperature against time or impregnation ratio in 
Figure 6-4. The 3D response plot in Figure 6-4 indicates a maximum BET SA of 
1698.5_m2/g, which is achieved by using an impregnation ratio of 2.3 at an activation 
temperature and time of 807.7°C and 20_min, respectively. 
 
The range of BET SA of 693 to 1693_m2/g (based on the experimental values) is comparable 
to the SA obtained by the KOH activation method, which is the best chemical activation 
method for developing a high SA SBA, as reported in the literature. The highest BET SA 
reported are 1882_m2/g, 1686_m2/g, 1002_m2/g and 685_m2/g [179, 221, 254-256]. It can be 
seen that the optimum BET SA of 1698.5_m2/g obtained by the methods described here is 
  YBET -A   YMic SA-A    YMes SA-A  
Variable 
Coefficient 
estimate Prob > │t│   
Coefficient 
estimate Prob > │t│   
Coefficient 
estimate Prob > │t│ 
Intercept 1609.2 < 0.0001 
 
1246.2 < 0.0001 
 
363.0 < 0.0001 
X1 171.7 0.0572* 
 
-32.0 0.7132 
 
203.7 < 0.0001** 
X2 -71.4 0.3669 
 
-119.6 0.1992 
 
48.2 0.0131** 
X3 123.4 0.1425 
 
61.7 0.4850 
 
61.8 0.0043** 
X1X2 -280.1 0.0352** 
 
-331.2 0.0301** 
 
51.0 0.0405** 
X1X3 -52.0 0.6332 
 
-167.2 0.2037 
 
115.2 0.0011** 
X2X3 28.1 0.7948 
 
5.2 0.9664 
 
23.0 0.2852 
X1
2
 -573.9 0.0014** 
 
-590.0 0.0024** 
 
16.1 0.4429 
X2
2
 -79.6 0.4709 
 
-39.5 0.7475 
 
-40.1 0.0871* 
X3
2
 -164.4 0.1630   -109.9 0.3848   -54.6 0.0318** 
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lower than the highest SA obtained from KOH activation. This difference could arise from the 
difference in chemical activating reagents and/or from differences in sludge composition. The 
highest BET SA produced by KOH activation was in a synthetic wastewater biological sludge 
[221], in which there was no Si and low Fe (9.6_mg/g=0.73_%wt*) content in the sludge, 
whereas Si (8.8_%wt**) and Fe (9.7_%wt**) are major inorganic species in the DMAD 
sludge [154]. The starred values (* and **) are calculated based on carbonized sludge 
produced at 700°C and 900°C, respectively. 
   
  
 
Figure 6-4 Contour plots at different fixed activation times and fixed impregnation ratios of 
BET SA; and a 3D response surface plot of BET SA of AW K2CO3 SBAs at optimum 
condition  
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As indicate by the Prob > │t│ of micropore SA in Table 6-7, the most important coefficient 
terms are X1
2 (a11=-590.0) and X1X2 (a12=-331.2), which are expected to be strongly correlated 
to the BET SA and thus the same explanation can be applied. The R between the experimental 
values of BET and micropore SA is 0.9033. As expected, the result of the response plot for 
micropore SA is very similar to the BET SA. The highest Micropore SA of 1364.7_m2/g is 
achieved by using an impregnation ratio of 2.1 at the activation temperature and time at 
786.6°C and 20_min, respectively and this is shown in Figure 6-5.  
 
 
Figure 6-5 3D response surface plots of micropore SA of AW K2CO3 SBA at optimum 
condition                 
 
Figure 6-6 3D response surface plots of meso & macropore SA of AW K2CO3 SBA at 
optimum condition 
 
As indicated by the Prob > │t│ of meso & macropore SA in Table 6-7, the most important 
coefficient estimate model terms for meso & macropore SA development are X1, X1X3 and X3, 
Time=20 min 
Imp ratio=2.1 
min 
Time=220 min 
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respectively. A lower effect from X2, X3
2
 and X1X2 are also detected. A moderate linear effect 
of X2, a low squared term effect of X3
2 and an interaction effect of X1X2 are also detected. This 
means that raising the temperature (X1) and/or impregnation ratio (X3) greatly improves meso 
& macropore SA development, while increasing activation time also helps improve the 
development of meso & macropore SA. This effect can be clearly seen on the 3D response 
plot in Figure 6-6. The highest meso & macropore SA (within the experimental condition 
bounds) of 787.3_m2/g is achieved by using an impregnation ratio of 3.5 at an activation 
temperature and time of 900°C and 220_min, respectively. 
 
At an early stage, an increase in temperature resulted in an increasing number and rate of 
reactions between K2CO3 and the carbonaceous content in sludge and thus results in 
potassium intercalation and carbonaceous content being gasified. This results in pore 
development and  a higher micropore and BET SA. On the other hand, a reduction of 
micropore and BET SA above the optimum points are caused by micropore widening 
phenomena [236], which was possibly an effect from intercalation or enlargement of the 
carbon matrix by the potassium compounds in the course of forming a carbonate. These might 
act by insertion to create the pore [257] and thus result in a rise in meso- and macropore SA. 
Additionally, an increase in impregnation ratio could also increase the amount of reaction and 
potassium intercalation at each temperature stage, resulting in a slight improvement of 
micropore and BET SAs at an early stage and a greatly improved meso & macropore SA as 
the temperature increases. 
 
6.2.3.3 Pore volume  
 
Pore volume experimental results of WW and AW SBAs are shown in Table 6-8. ANOVA of 
all AW SBA PV fits to a quadratic model equation (Table 6-9), indicate that total and 
mesopore volume are all significant due to F-values > F-critical value, Prob > │t│ less than 
0.05 and R2 ≥ 0.8. However, the statistical analysis indicates that micropore volume does not 
fit the model equation, as the Prob >F is higher than 0.05. Thus, these experimental results 
for micropore volume are not used to plot a response. Nevertheless, the analysis of individual 
variables in Table 6-9 indicates that the significant model terms for micropore volume are X1
2 
and X1X2, respectively. These significant model terms are the same as the significant model 
terms of micropore and BET SA. Also the R between micropore volume and these two 
experimental responses are 0.9287 and 0.9816, respectively and therefore a similar 
explanation could be used to describe them. 
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Table 6-8 PV and micropore size distribution parameters of WW and AW K2CO3 SBAs 
 
  
Table 6-9 ANOVA of AW K2CO3 SBA PV and micropore size distribution peak 
 
 
As indicated in Table 6-10, the most important coefficient estimate model terms for total PV 
are X1 and X1
2, respectively while X1X2 and X3
2 also create a slight contribution in total PV 
development. This means that increasing temperatures (X1) could help improve total PV 
development while increasing activation time alone or together with an increase in 
temperature results in a reduction in total PV. Two negative squared terms, X1
2 and X3
2, 
indicate that total PV is developed at intermediates values in the chosen range of temperatures 
and impregnation ratios. Temperatures and/or dwell times that are too high or too low are 
disadvantageous for total PV development. This effect can be clearly seen in the 3D response 
plot of total PV in Figure 6-7. The optimum total PV of 1.443_ml/g is obtained by using an 
ID 
  
Exp code 
Temp/Time/Ratio 
(X1/X2/X3) 
Total PV at P/P0=0.98 
(ml/g) 
  
PV (ml/g)   HK peak  
(dW/dR) 
Diameter at 
peak 
(nm) Micropore  Mesopore   
K1A -1/-1/0 0.442 0.237 0.205 
 
6.07 0.60 
K2A 1/-1/0 1.587 0.655 0.932 
 
1.45 0.62 
K3A -1/1/0 0.553 0.301 0.252 
 
5.88 0.60 
K4A 1/1/0 0.884 0.000 0.884 
 
0.70 0.57 
K5A -1/0/-1 0.544 0.203 0.341 
 
4.68 0.60 
K6A 1/0/-1 0.947 0.362 0.585 
 
1.77 0.60 
K7A -1/0/1 0.486 0.276 0.210 
 
5.64 0.60 
K8A 1/0/1 1.016 0.126 0.890 
 
1.06 0.59 
K9A 0/-1/-1 0.868 0.366 0.502 
 
2.99 0.60 
K10A 0/1/-1 0.906 0.383 0.523 
 
2.54 0.60 
K11A 0/-1/1 1.052 0.560 0.492 
 
2.73 0.61 
K12A 0/1/1 1.356 0.641 0.715 
 
1.70 0.61 
K13A 0/0/0 1.279 0.518 0.761 
 
1.64 0.58 
K14A 0/0/0 1.382 0.562 0.820 
 
1.94 0.56 
K15A 0/0/0 1.311 0.583 0.728 
 
2.15 0.61 
K16A 0/0/0 1.283 0.567 0.716 
 
2.15 0.61 
K16W 0/0/0  0.715 0.269 0.446   1.83 0.58 
 
Response Source DF SS MS F Prob > F R
2
 
YTotal PV-A Model 9 1.699 0.189 5.63 0.0239 0.8941 
 
Residual 6 0.201 0.034 
     Total 15 1.900         
YMic PV-A Model 9 0.468 0.052 2.83 0.1094 0.8092 
 
Residual 6 0.110 0.018 
     Total 15 0.579         
YMes PV-A Model 9 0.878 0.098 15.54 0.0017 0.9589 
 
Residual 6 0.038 0.006 
     Total 15 0.916         
YHK-A Model 9 45.238 5.026 27.27 0.0003 0.9761 
 
Residual 6 1.106 0.184 
     Total 15 46.344         
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impregnation ratio of 2.1 and an activation temperature and dwell time of 852°C and 20_min 
respectively. 
 
Table 6-10 Tests of individual variables of AW K2CO3 SBA PV and micropore size 
distribution peak, quadratic model 
 
                                         
As indicated in Table 6-10, the most important coefficient estimate model terms for mesopore 
volume are X1, X3
2, X1
2 and X1X3, respectively. This means that raising temperature (X1) could 
help improve mesopore volume development. A negative squared term of X3
2 indicates that 
mesopore volume is developed at an intermediate value in the chosen range of impregnation 
ratios, with ratios that are too high or too low being disadvantageous for mesopore volume 
development. This effect can be clearly seen in the 3D response plot of mesopore volume in 
Figure 6-7. A moderate negative squared term of X1
2 and interaction term of X1X3 effect are 
also detected. The optimum mesopore volume of 0.972_ml/g was obtained by using an 
impregnation ratio of 3 and the activation temperature of 900°C and for 149_min. 
  YTotal PV-A   YMic PV-A 
Variable Coefficient estimate Prob > │t│   Coefficient estimate Prob > │t│ 
Intercept 1.314 < 0.0001 
 
0.558 0.0002 
X1 0.301 0.0035** 
 
0.016 0.7538 
X2 -0.031 0.6465 
 
-0.062 0.2462 
X3 0.081 0.2595 
 
0.036 0.4798 
X1X2 -0.204 0.0680* 
 
-0.180 0.0380** 
X1X3 0.032 0.7406 
 
-0.077 0.2981 
X2X3 0.067 0.4950 
 
0.016 0.8214 
X1
2
 -0.372 0.0066** 
 
-0.253 0.0098** 
X2
2
 -0.075 0.4441 
 
-0.007 0.9240 
X3
2
 -0.193 0.0793* 
 
-0.063 0.3870 
  YMes PV-A    YHK-A 
 Variable Coefficient estimate Prob > │t│   Coefficient estimate Prob > │t│ 
Intercept 0.756 < 0.0001 
 
1.97 0.0001 
X1 0.285 0.0001** 
 
-2.16 < 0.0001** 
X2 0.030 0.3199 
 
-0.30 0.0933* 
X3 0.045 0.1633 
 
-0.11 0.5101 
X1X2 -0.024 0.5708 
 
-0.14 0.5384 
X1X3 0.109 0.0332** 
 
-0.42 0.0998* 
X2X3 0.051 0.2496 
 
-0.15 0.5245 
X1
2
 -0.120 0.0233** 
 
1.18 0.0015** 
X2
2
 -0.068 0.1357 
 
0.38 0.1281 
X3
2
 -0.130 0.0168**   0.14 0.5349 
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Figure 6-7 3D response surface plots of total PV and mesopore volume of AW K2CO3 SBA 
at optimum conditions 
 
The total PV was found to correlate well with the BET SA, with an R2 value of 0.9074. 
Nevertheless, the optimal temperature for maximising the total PV is slightly higher than the 
optimum temperature for maximising BET SA and this effect could possibly arise from small 
mesopores widening and merging into large mesopores. This effect could increase the total 
PV while decreasing the total SA. Similarly, the optimum point for mesopore volume has a 
lower dwell time and impregnation ratio compared to meso & macropore SA and a similar 
explanation for the correlation with the total PV and SA can be used. 
 
6.2.3.4 Pore size distribution 
6.2.3.4.1 Micropore size distribution 
 
The development of micropore size distribution in washed K2CO3 SBAs, as determined by the 
Horváth and Kawazoe method, show similar trends to the results from sludge chars in section 
Total PV 
Time=20 min 
Mesopore volume 
Time=149 min 
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4.3.2.4.1, but generally yield a much higher dW/dR peak intensities. The maximum intensities 
of dW/dR values and the effective pore diameters, Rp, produced by the WW and AW SBAs, 
are already provided in Table 6-8. The dW/dR peaks are in the mid-range of pore diameters, 
(Rp) between 0.56-0.62_nm. By comparing the experimental values of WW and AW SBAs 
(K16W and K16A), it can be seen that acid washing can increase the dW/dR peak by 1.2 fold 
when comparing the dW/dR peaks of K16A and K16W. 
   
 
Figure 6-8 3D response surface plots of the Horváth and Kawazoe peak of micropore size 
distributions (dW/dR) of K2CO3 AW SBA at optimum conditions 
 
As indicated in Table 6-10, the most important coefficients for dW/dR peak are X1
2 and X1, 
respectively while X2 and X1X3 also make a slight contribution to dW/dR peak development. 
This shows that increasing temperature (X1) is disadvantageous for dW/dR peak development. 
Also, as the strongest significant effect is from a positive squared term (X1
2), this indicates 
that the dW/dR peak is developed at a very low temperature and too high a temperature is 
disadvantageous for dW/dR peak development. The highest dW/dR peak of 6.45 is obtained 
by using an impregnation ratio of 3.5 and an activation temperature and time of 600°C and 
20_min respectively. A strong negative R of -0.9429 was found between the experimental 
responses of dW/dR peak and mesopore volume. It can therefore be generally said that the 
main reduction of small micropores is a result of pore widening phenomena [236]. 
6.2.3.4.2 Mesopore size distribution 
 
From Figure 6-9, other than the artefact that occurs in the 1-2_nm region (as described in 
Chapter 4, section 4.3.2.3.2), most WW and AW K2CO3 SBAs show a higher mesopore range 
between 5-20_nm. However, it can be seen that the combination of high temperature and high 
impregnation ratio (giving a higher degree of burn-off), such as in the case of K4A 
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(900/120/1:2) and K8A (900/120/1:3.5), can significantly increase the amount of mesopore 
volume at the narrow pore distribution radius between 2-3_nm. This result also confirms the 
positive influence of temperature and impregnation ratio on mesopore volume development. 
 
 
Figure 6-9 PV summary of WW and AW K2CO3 SBAs 
 
By comparing the mesopore size distribution of K16W and K16A, acid washing helped 
increase all mesopore volume development at all pore radii, especially between 5-20_nm. The 
total mesopore volume could increase up to 58_%, which is calculated based on the total 
mesopore volume of K16W (BJH method). Note that this value is similar to the increase in 
mesopore volume of 61_% obtained by t-plot and total PV at a P/P0 of 0.98 in section 6.2.3.3.  
 
6.2.4 Physical characterization and surface chemistry 
 
6.2.4.1 Elemental analysis  
 
DMAD sludge and selected high BET SA K2CO3 SBAs were subjected to the CHN analysis 
and the results are shown in Table 6-11. The results indicate aromatization development of 
carbon structure after the activation processes. All K2CO3 SBAs exhibit a lower H and N 
content (less than 0.1%) and an increased C/H ratio when compared to the original sludge, 
which was previously discussed in section 4.3.4.2.  
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Table 6-11 Elemental analysis of DMAD sludge and K2CO3 SBAs after water and acid 
washing 
*errors on instrumentation are within ± 0.30_% absolute  
 
By comparing K16W and K16A, it can be clearly seen that acid washing helps to increase the 
C content to double that of the WW SBA and also raises the C/H ratio dramatically whilst 
reducing the H and non-CHN content by about 1_% and 30_%, respectively. This result 
indicates that the acid washing helps to remove the non-carbon elements (including minerals 
and hydroxy-mineral) so removing “H” and leaving behind “C”. This effect helps increase the 
hydrophobic surface of the SBAs, which is favourable for hydrophobic adsorbate molecules 
such as BPA. 
 
6.2.4.2 Fourier Transform Infrared analysis  
 
The WW and AW SBAs, K16W and K16A, were subjected to FTIR analysis and the results 
are shown in Figure 6-10. Both of the FTIR spectra show a broad peak near 3440_cm-1 that 
was attributed to the O-H stretching in hydroxyl groups [181], which was linked with 
adsorbed water and the main inorganic part within SBAs, such as silicon compounds (Si-OH).  
 
The peak at 1603_cm-1 for the K16W could be due to aromatic C=C bonds, which are 
polarised by oxygen atoms bonded near one of the C atoms [210] possibly related to quinone 
surface functional groups [211] and/or C=C stretching in endocyclic systems of six-member 
rings fusion [212]. In addition, the band at 1603_cm-1 together with the band at 1430_cm-1 
could be assigned to carboxylate groups (COO–) [181, 212]. However, the band at 1430_cm-1 
could also be assigned to out-of-phase CO3 stretching [181], which possibly related to the 
residual inorganic carbonate species. Thus, the presence of COO bonds cannot be absolutely 
confirmed. A strong band at 1047_cm-1 could be assigned to silicate ions, Si-O-Si and/or Si-
O-C stretching [181, 216], which indicate the presence of silicon related compounds such as 
laihunite (Fe1.6SiO4) as confirmed by XRD result in section 7.2.5.1. The bands at 606 and 
567_cm-1 are assigned to PO4
3- bending, possibly related to the whitlockite residual in the 
Sludge/K2CO3 SBAs 
(wt% on dry basis) 
 C/H ratio 
BET SA 
(m
2
/g) C H N Non CHN 
DMAD6 sludge 34.6 4.4 3.7 57.3 7.9 10.6 
K2A(900/20/1:2) 43.2 <0.1 <0.1 56.6 431.6 1614.8 
K12A(750/220/1:3.5) 52.5 <0.1 <0.1 47.3 525.2 1693.0 
K15A (750/120/1:2) 49.3 <0.1 <0.1 50.5 492.6 1645.4 
K16A(750/120/1:2) 46.7 <0.1 <0.1 53.1 466.6 1608.0 
K16W(750/120/1:2) 22.7 0.9 <0.1 76.3 24.4 810.8 
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SBAs [179, 181, 217]. Because of the overlapping region between 1200-790_cm-1, it should 
be noted that cyclic ether, which usually gives a peak at 1100_cm-1, might also be present. 
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Figure 6-10 FTIR results for WW and AW K2CO3 SBAs 
 
A band at 1624_cm-1 on K16A indicates that a conjugated form of carbonyl group (quinone) 
and six-member rings fusion in an endocyclic system still remain on the SBA.  The 
disappearance of the band at 1430_cm-1 indicates that acid washing could remove inorganic 
carbonate residuals and possibly their derivatives (carboxylate groups). The band at 1047_cm-
1 that is present in K16W is shifted to a higher wavenumber and shows a shoulder band at 
around 1200_cm-1 and a peak at 1103_cm-1. The envelope of the shoulder band at 1200_cm-1 
could be assigned to C-O stretching in phenol and/or in aromatic ethers (aryl-O-aryl) [181]. 
The peak at 1103_cm-1 and 807_cm-1 could be assigned to C-O-C stretching in cyclic ethers 
[181, 214, 216]. It is worth noting that the main band of the cyclic ether (large ring) is in the 
1140-1070_cm-1 range, and for a six-member ring size cyclic ether, the peak usually appears 
at 1098_cm-1 (strong) and 813_cm-1 (weaker) due to asymmetric and symmetric C-O-C 
stretching, respectively [181, 216]. Nonetheless, it should be noted that the bands near 
1100_cm-1, 800_cm-1 and 470_cm-1 could also be from amorphous silica, which usually 
presents bands at these three peak regions [181, 218, 253, 258]. Moreover, the emergence of 
the peak at around 960_cm-1 could be from Si-O stretching in Si-O-aryl group.  
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6.3 RESULTS II: BISPHENOL A ADSORPTION BY WATER AND ACID 
WASHED K2CO3 SBAs 
 
6.3.1 Bisphenol A adsorption kinetics 
 
K16W and K16A SBAs were used as representative samples for this kinetics adsorption tests. 
Further explanation regarding to the experimental methods and conditions have been given in 
section 3.2.10.2.  
 
From the kinetics adsorption in Figure 6-11, it can be seen that both SBAs exhibited similar 
behaviour. Full equilibrium is achieved after 24 hours contact time with adsorption capacities 
of 277 and 497_mg/g for K16W and K16A respectively. Therefore, all subsequent adsorption 
tests utilised 24 hours equilibrium time.  
 
 
Figure 6-11 BPA adsorption kinetics exhibited by WW and AW K2CO3 SBAs 
 
6.3.2 Bisphenol A adsorption isotherms 
 
Adsorption isotherms using BPA were measured for all of the washed K2CO3 SBA. The 
methodology used was discussed in section 3.2.10.3, with an equilibrium contact time of 24 
hours. The pH of BPA solutions before and after adsorption were measured to check that the 
pH of the solutions not rise above pKa value of BPA, and to give a general idea for the pH 
behaviour of SBAs.  
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6.3.2.1 pH of WW and AW K2CO3 SBAs 
 
The solution pH after BPA adsorption tests by WW and AW K2CO3 SBAs were subjected to 
analysis of fit to the second order model response plot. Unfortunately, the R2 of pH responses 
are below 0.8 and Prob>F of the models are greater than 0.05 and thus the response plot was 
not performed. Nevertheless, the pH of solutions before and after BPA adsorption tests by 
SBAs and CACs were measured and compared with the real pH value of the CACs obtained 
by the surface pH method in section 3.2.9. The pH results calculated based on the average pH 
value obtained from BPA solutions after adsorption tests are shown in Figure 6-12. These pH 
results can give an idea of the basicity/neutral/acidity of each SBA that could influence BPA 
adsorption. It should be noted that the pH of the RO water used was slightly acidic and the 
addition of BPA into the RO water had almost no influence on the BPA solution pH, probably 
because the BPA concentrations (up to 120_mg/l) used in this adsorption test were quite low. 
The real pH of the SBAs could not be determined directly due to the low carbon mass 
obtained by chemical activation method.  
  
 
Figure 6-12 pH of BPA solution before and after 24 hours adsorption tests by WW&AW 
K2CO3 SBAs and CACs 
 
From Figure 6-12, the WW SBAs exhibited higher basic surface properties when compared to 
the AW SBAs. Based on the pH value of the CACs, all WW SBAs have a surface pH between 
8.2 and 10.2 while the AW SBAs have a surface pH above 5.6 to slightly below 8.2. This 
result indicate that WW SBAs all show basic surface properties while the AW SBAs have a 
slightly acidic to slightly basic surface pH. The AW K2CO3 SBAs are shown to be slightly 
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more basic than the other AW SBAs produced by ZnCl2, H2SO4, KOH and NaOH activation 
methods, which exhibited  surface pHs of 2.5-3.3, 4.3, 3.2 and 3.4-3.8, respectively [202, 259-
262]. 
 
6.3.2.2 Bisphenol A adsorption fitted to Freundlich, Langmuir and Temkin 
 
The BPA adsorption data was modelled to Freundlich, Langmuir and Temkin equations in 
order to find the best fitting model equation and adsorption capacities of BPA by washed 
K2CO3 SBAs. The constants and model parameters are given in Table 6-12, while the 
adsorption isotherms fitted to BPA adsorption data of WW and AW K2CO3 SBAs are 
presented in Figure 6-13 and 6-14, respectively. The calculations and results of the linear 
plots using the Freundlich, Langmuir and Temkin equations are given in APPENDIX IV. 
 
Based on the adsorption data in Figure 6-13 and 6-14, it can be generally said that all the WW 
and AW K2CO3 SBAs adsorption data exhibit “type L isotherm” behaviour or with the sub-
group 2/2c according to Giles classification of liquid/solid isotherm shape. The sub-group 2c 
indicates that the SBAs are microporous but probably the accessibility to the internal area is 
relatively low and comparable with the external area, which possibly results from some of the 
inorganic compounds remaining in the SBAs and obstructing the BPA molecules access to the 
internal area in the SBA carbon structure.  
 
From the result in Table 6-12, all P values  ≤ 7.5 indicate that all adsorption data generally 
gives a good fit to each of the 3 model equations, with  the P value lower than 5 indicating an 
excellent fit to adsorption data [57, 58, 223-225] . The lowest P value obtained from each 
adsorption model of each SBA is highlighting in bold. All the 1/n values (intensity of 
adsorption) from Freundlich are between 0 to 1 for the BPA adsorption for all the WW and 
AW SBAs. Also, all the RL value obtained from both of Langmuir linear equations are all 
between 0 < 0.317. These values show that BPA adsorption onto all washed SBAs were 
favourable by both Freundlich and Langmuir equations. The Langmuir linear equation 1-10 
generally gives a P value in most of the runs better than those obtained from the Langmuir 
linear equation 1-9. Thus, the Langmuir linear equation 1-10 has been used for further 
discussion with other adsorption models and for isotherm plots.  
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Table 6-12 Parameters of adsorption isotherms modelled fitted by Freundlich, Langmuir and Temkin equations of washed K2CO3 SBAs 
ID  
Exp. code 
X1/X2/X3  
Freundlich    Langmuir, 1/qe vs. 1/Ce (Eq.1-10)      Langmuir, Ce/qe vs. Ce (Eq.1-9)     Temkin  
k  1/n R2 P   Q b RL R
2 P   Q b RL R
2 P   B A R2 P 
K1W -1/-1/0 5.89 0.56 0.989 3.7 
 
92.59 0.028 0.284 0.995 3.5 
 
100.00 0.024 0.317 0.984 3.4 
 
22.6 0.22 0.980 4.7 
K2W 1/-1/0 119.54 0.17 0.993 1.1 
 
243.90 0.383 0.028 0.935 3.7 
 
263.16 0.191 0.055 0.996 5.8 
 
34.2 19.64 0.988 1.5 
K3W -1/1/0 30.11 0.30 0.994 1.5 
 
119.05 0.102 0.098 0.979 3.5 
 
129.87 0.072 0.134 0.994 4.0 
 
24.7 1.11 0.993 1.3 
K4W 1/1/0 4.03 0.55 0.959 7.5 
 
64.94 0.025 0.311 0.997 2.8 
 
59.88 0.029 0.274 0.990 2.8 
 
14.1 0.25 0.989 2.4 
K5W -1/0/-1 21.68 0.33 0.942 4.6 
 
95.24 0.093 0.107 0.927 6.3 
 
105.26 0.062 0.151 0.961 7.4 
 
21.4 0.79 0.892 5.9 
K6W 1/0/-1 66.16 0.22 0.973 2.8 
 
172.41 0.187 0.056 0.989 2.0 
 
181.82 0.140 0.073 0.997 3.0 
 
28.2 5.01 0.986 1.7 
K7W -1/0/1 22.73 0.32 0.975 3.5 
 
99.01 0.088 0.111 0.973 3.9 
 
106.38 0.066 0.143 0.988 4.0 
 
21.1 0.89 0.970 2.8 
K8W 1/0/1 71.94 0.16 0.909 3.5 
 
142.86 0.294 0.036 0.905 3.9 
 
149.25 0.184 0.057 0.987 5.3 
 
18.6 26.14 0.882 3.2 
K9W 0/-1/-1 94.82 0.13 0.946 2.3 
 
166.67 0.387 0.028 0.990 0.9 
 
166.67 0.368 0.029 1.000 1.1 
 
17.7 139.51 0.956 1.9 
K10W 0/1/-1 80.85 0.20 0.934 4.0 
 
188.68 0.239 0.044 0.948 4.0 
 
196.08 0.178 0.059 0.993 4.6 
 
28.9 8.60 0.925 3.5 
K11W 0/-1/1 130.71 0.15 0.981 1.6 
 
243.90 0.466 0.023 0.949 3.0 
 
256.41 0.265 0.040 0.998 5.2 
 
29.8 53.18 0.980 1.3 
K12W 0/1/1 96.74 0.18 0.921 4.3 
 
208.33 0.312 0.034 0.864 5.2 
 
222.22 0.193 0.054 0.992 6.2 
 
30.6 12.93 0.905 4.4 
K13W 0/0/0 140.73 0.15 0.882 3.7 
 
256.41 0.488 0.022 0.930 3.9 
 
263.16 0.388 0.028 0.996 4.9 
 
30.2 75.98 0.862 3.8 
K14W 0/0/0 132.98 0.15 0.972 2.4 
 
250.00 0.460 0.024 0.962 2.9 
 
263.16 0.241 0.044 0.995 5.8 
 
30.1 54.71 0.972 2.0 
K15W 0/0/0 141.94 0.14 0.978 1.8 
 
256.41 0.534 0.020 0.948 2.9 
 
277.78 0.234 0.045 0.993 7.4 
 
30.4 72.48 0.971 1.7 
K16W 0/0/0 136.08 0.16 0.908 3.5 
 
256.41 0.476 0.023 0.901 5.1 
 
270.27 0.308 0.035 0.992 6.4 
 
33.0 40.71 0.874 3.6 
K1A -1/-1/0 60.67 0.17 0.883 2.5  142.86 0.117 0.079 0.786 3.3  151.52 0.082 0.109 0.991 3.8  21.1 6.08 0.873 2.7 
K2A 1/-1/0 309.81 0.14 0.909 2.8  555.56 0.286 0.034 0.934 2.2  588.24 0.236 0.041 0.994 3.3  64.9 66.90 0.900 2.6 
K3A -1/1/0 114.16 0.16 0.952 1.6  243.90 0.133 0.071 0.988 1.0  243.90 0.138 0.068 1.000 0.7  31.8 15.26 0.959 1.4 
K4A 1/1/0 22.54 0.23 0.692 5.0  72.99 0.066 0.133 0.741 4.8  70.92 0.077 0.116 0.970 4.7  12.4 1.75 0.674 4.9 
K5A -1/0/-1 81.83 0.12 0.945 1.2  147.06 0.165 0.058 0.979 0.9  147.06 0.169 0.057 0.999 0.8  15.3 101.60 0.948 1.1 
K6A 1/0/-1 190.02 0.11 0.923 1.3  312.50 0.262 0.037 0.855 2.1  322.58 0.185 0.052 0.996 2.3  30.0 303.95 0.913 1.4 
K7A -1/0/1 107.42 0.12 0.612 3.8  192.31 0.166 0.058 0.691 3.3  192.31 0.165 0.058 0.988 3.3  19.4 132.50 0.605 3.8 
K8A 1/0/1 128.29 0.15 0.914 1.9  270.27 0.140 0.067 0.951 1.7  270.27 0.138 0.068 0.996 1.8  35.0 16.83 0.914 1.8 
K9A 0/-1/-1 248.37 0.06 0.553 2.6  322.58 0.470 0.021 0.657 2.2  322.58 0.508 0.020 0.996 2.2  17.4 1.22E+06 0.544 2.5 
K10A 0/1/-1 241.99 0.07 0.627 2.5  344.83 0.333 0.029 0.799 1.9  333.33 0.577 0.017 0.998 2.4  22.1 42030.04 0.625 2.4 
K11A 0/-1/1 283.73 0.12 0.998 0.4  500.00 0.294 0.033 0.944 1.9  500.00 0.230 0.042 0.999 2.3  52.4 125.46 0.996 0.5 
K12A 0/1/1 374.97 0.09 0.837 2.8  555.56 0.667 0.015 0.639 3.9  588.24 0.246 0.039 0.993 5.7  48.7 1427.52 0.820 3.0 
K13A 0/0/0 318.27 0.10 0.800 3.3  500.00 0.476 0.021 0.624 4.6  526.32 0.200 0.048 0.990 5.6  46.8 527.43 0.784 3.4 
K14A 0/0/0 311.31 0.13 0.897 2.5  555.56 0.295 0.033 0.909 2.5  555.56 0.281 0.035 0.994 2.7  62.7 82.06 0.885 2.4 
K15A 0/0/0 327.64 0.12 0.916 2.1  555.56 0.383 0.026 0.840 3.3  588.24 0.215 0.045 0.994 4.5  59.1 150.28 0.900 2.2 
K16A 0/0/0 319.74 0.11 0.837 3.1  526.32 0.322 0.030 0.945 2.2  526.32 0.345 0.028 0.997 2.2  52.1 298.65 0.840 3.0 
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Figure 6-13 BPA adsorption data fitted to model isotherms exhibited by WW K2CO3 SBAs; calculated from -----Freundlich, – – – Langmuir,—– 
Temkin model equations 
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Figure 6-14 BPA adsorption data fitted to model isotherms exhibited by AW K2CO3 SBAs; calculated from -----Freundlich, – – – Langmuir, —– 
Temkin model equations  
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From Table 6-12, the BPA adsorption data obtained from WW SBAs mostly give a better fit 
to Temkin or Freundlich models except for K1W (600/20/2) and K9W (750/20/0.5), which 
give a better fit to Langmuir model. This indicates that most of the adsorption of BPA onto 
WW SBAs were mainly by multilayer adsorption and the fall in the heat of adsorption will be 
linear (Temkin) or logarithmic (Freundlich). For K1W and K9W, the adsorption of BPA onto 
the WW SBAs are likely to be as monolayers and adsorption of each molecule has equivalent 
activation energy [226]. The reason these two SBAs seem to be different from the others is 
probably caused by there being less mesopore development due to the use, in combination, of 
low activation temperature, short activation time and/or low impregnation ratio and thus 
resulting in restricted multilayer adsorption capability. 
  
In comparison, the BPA adsorption data obtained from AW SBAs mostly gave a better fit to 
the Langmuir equation (K2A-K5A, K7A-K10A and K16A) and Freundlich equation (K1A, 
K6A, K11A, K12A, K13A and K15A), respectively, except for K14A, which give a better fit 
to the Temkin model. The reason for this is probably derived from the acid washing step. It 
mainly removed inorganic content that blocks the existing micropores within the carbon 
matrix and thus resulting in an increasing of micropore volume more than mesopore volume. 
Therefore, several AW SBAs give a better fit to the Langmuir model. The increasing 
micropore volume of K16A compared to K16W in relation to their increment of mesopore 
volume in section 6.2.3.2 and 6.2.3.3 could help support this assumption. The SA and PV 
trends appear to be independent of their adsorption behaviour derived from the fit model 
equations. According to the 4 identical experimental condition runs (K14A-K16A), the BPA 
adsorption data of each run gave a better fit to different model equations. Therefore, these 
differences might also arise from the slight experimental error, given that the AW SBAs were 
well fitted to the three model equations according to the P values in Table 6-12. 
 
After applying regression analysis to the design matrix and the BPA adsorption capacity 
parameters, including the k value (Freundlich) and Qmax (Langmuir), of WW and AW SBAs, 
the final model in terms of coded factors was created. The ANOVA is shown in Table 6-13 
while the coefficient estimation for the fitted model equation and the test of individual 
variables are shown in Table 6-14. The ANOVA of all adsorption model parameters fitted to 
the quadratic model equation (Table 6-13), indicate that all of the models are significant.  
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Table 6-13 ANOVA of BPA adsorption model parameters exhibited by WW and AW K2CO3 
SBA 
 
 
Table 6-14 Test of individual variables of BPA adsorption model parameters exhibited by 
WW and AW K2CO3 SBA, quadratic model 
 
 
From the result in Table 6-14, the significant model terms for the k value response of BPA 
adsorption by WW SBAs (Yk-W) are X1
2, X1X2, X1, X2, X2
2 and X3
2, respectively. This result 
indicates that increasing temperature helps to improve the BPA adsorption capacity onto WW 
SBAs. However, more time alone or together with an increase of temperature result in a 
Response Source DF SS MS F Prob > F R
2
 
Yk-W Model 9 38240.46 4248.94 46.86 0.0001 0.9860 
 
Residual 6 543.99 90.67 
     Total 15 38784.46         
YQmax-W Model 9 66983.27 7442.59 10.16 0.0053 0.9384 
 
Residual 6 4395.47 732.58 
     Total 15 71378.73         
Yk-A Model 9 175067.49 19451.94 6.43 0.0172 0.9060 
 
Residual 6 18153.82 3025.64 
     Total 15 193221.31         
YQmax-A Model 9 401093.58 44565.95 5.68 0.0233 0.8950 
 
Residual 6 47059.25 7843.21 
     Total 15 448152.83         
 
  Yk-W    YQmax-W 
Variable Coefficient estimate Prob > │t│   Coefficient estimate Prob > │t│ 
Intercept 137.93 < 0.0001 
 
254.81 < 0.0001 
X1 22.66 0.0005** 
 
27.28 0.0292** 
X2 -17.40 0.0021** 
 
-20.76 0.0731* 
X3 7.33 0.0724* 
 
8.89 0.3889 
X1X2 -34.93 0.0003** 
 
-51.36 0.0090** 
X1X3 1.18 0.8121 
 
-8.33 0.5608 
X2X3 -5.00 0.3341 
 
-14.40 0.3284 
X1
2
 -76.60 < 0.0001** 
 
-99.60 0.0003** 
X2
2
 -21.44 0.0041** 
 
-25.09 0.1132 
X3
2
 -15.71 0.0164** 
 
-27.83 0.0855* 
  Yk-A   YQmax-A  
Variable Coefficient estimate Prob > │t│   Coefficient estimate Prob > │t│ 
Intercept 319.24 < 0.0001 
 
534.36 < 0.0001 
X1 35.82 0.1151 
 
60.65 0.1009 
X2 -18.62 0.3754 
 
-37.97 0.2709 
X3 16.53 0.4281 
 
48.90 0.1694 
X1X2 -85.19 0.0212** 
 
-145.90 0.0165** 
X1X3 -21.83 0.4576 
 
-21.87 0.6389 
X2X3 24.41 0.4090 
 
8.33 0.8570 
X1
2
 -176.41 0.0007** 
 
-240.37 0.0016** 
X2
2
 -16.04 0.5811 
 
-40.16 0.3994 
X3
2
 -15.94 0.5833 
 
-63.46 0.2018 
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reduction of adsorption capacity. Three negative squared terms indicate that adsorption 
capacity is developed at intermediates values in the chosen ranges for temperature, time and 
impregnation ratio. Too high or too low values of these three experimental parameters are a 
disadvantage for an improvement in adsorption capacity of multilayer coverage. The 3D 
response plot in Figure 6-15 indicates the optimum adsorption capacity of 
148.8_(mg/g)(l/mg)1/n, which is achieved by using an impregnation ratio of 2.5 at the 
activation temperature and time of 795.7°C and 50_min, respectively. 
 
 
 
Figure 6-15 3D response surface plots of BPA adsorption capacity, k value, of WW K2CO3 
SBAs at optimum condition 
 
From the result in Table 6-14, the significant model terms for the Qmax response of BPA 
adsorption by WW SBAs (YQmax-W) are X1
2, X1X2 and X1, respectively, while X2 and X3
2 are 
found to have a slight influence on the response. The influence model terms are similar to the 
influence model terms obtained by k value and thus a similar explanation can be used. The 3D 
response plot in Figure 6-16 indicates the optimum adsorption capacity of 269.9_mg/g, which 
Imp ratio=2.5 
Time=50_min 
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is achieved by using an impregnation ratio of 2.5 at the activation temperature and time at 
802°C and 33_min, respectively. 
 
 
 
Figure 6-16 3D response surface plots of maximum adsorption capacity, Qmax, of WW 
K2CO3 SBAs at optimum condition 
 
From the results in Table 6-14, the significant model terms of k value response of BPA 
adsorption by AW SBAs (Yk-A) are X1
2 and X1X2 respectively. A negative interaction term of 
X1X2 indicates that increasing temperature together with time results in a reduction of BPA 
adsorption capacity constant for multi-layer coverage by AW SBAs. The most significant 
negative square term, X1
2 indicates that the BPA adsorption capacity constant for AW SBAs is 
developed at intermediate values in the chosen range of temperatures. Too high or too low a 
temperature is disadvantageous for an improvement of the BPA adsorption capacity constant 
of AW K2CO3 SBAs. The 3D response plot in Figure 6-17 indicates the optimum adsorption 
capacity of 346.4_(mg/g)(l/mg)1/n, which is achieved by using an impregnation ratio of 1.2 at 
the activation temperature and time of 806.7°C and 20_min, respectively.    
Imp ratio=2.5 
Time=33 min 
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Figure 6-17 3D response surface plots of BPA adsorption capacity, k value, of AW K2CO3 
SBAs at optimum condition 
  
From the results in Table 6-14, the significant model terms for the Qmax response of BPA 
adsorption by AW SBAs (YQmax-A) are X1
2 and X1X2, respectively. The influence model terms 
are the same as those obtained by k value of AW SBAs and thus the same explanation can be 
used. The 3D response plot in Figure 6-18 indicates the optimum adsorption capacity of 
580.4_mg/g, which is achieved by using an impregnation ratio of 2.4 at the activation 
temperature and time at 812.7°C and 20_min, respectively.  
 
The BPA adsorption capacities obtained from Freundlich and Langmuir models applied to all 
WW and AW K2CO3 SBAs show a narrow optimum range with respect to the activation 
temperature, time and impregnation ratios of 795.7-812.7°C, 20-50_min and 1.2-2.5_% wt., 
respectively. By determining R of AW SBAs between BPA adsorption data and nitrogen gas 
adsorption data (both SA and PV), Yk-A, YQmax-A, Yk-W and YQmax-W are found to best correlate 
with the BET SA of AW SBAs (YBET-A), showing strong positive R of 0.9684, 0.9926, 0.9445 
Imp ratio=1.2 
Time=20 min 
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and 0.9651, respectively. This result indicates that the BPA adsorption onto WW and AW 
SBAs are mainly by physisorption, which is greatly dependent on their BET SA. The BPA 
adsorption capacities obtained from the WW and AW K2CO3 SBAs are comparable to the 
CACs reported in the literature [118, 141].  
 
 
Figure 6-18 3D response surface plots of maximum adsorption capacity, Qmax, of AW K2CO3 
SBAs at optimum condition 
6.3.2.3 Bisphenol A adsorption per unit area 
 
The adsorption per unit area calculated based on Freundlich (k/SBET) and Langmuir 
(Qmax/SBET) models of AW K2CO3 SBAs were performed and the results are shown in Table 
6-15. ANOVA of the responses are shown in Table 6-16 while the coefficient estimation for 
the fitted model equation and the test of individual variables are shown in Table 6-17. 
ANOVA of the response in Table 6-16 indicates that all of the models are significant. 
 
 
Imp ratio=2.4 
Time=20 min 
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Table 6-15 BPA adsorption per unit area exhibited by WW and AW K2CO3 SBAs 
 
 
Table 6-16 ANOVA of BPA adsorption per unit area exhibited by WW and AW K2CO3 
SBAs 
 
 
Table 6-17 Test of individual variables of BPA adsorption per unit area exhibited by WW and 
AW K2CO3 SBAs, quadratic model 
 
 
From Table 6-17, the significant model terms of both of the responses are X1
2 and X1X2, 
respectively. The positive squared term X1
2 indicate the highest adsorption per unit area is 
developed at an intermediate value in a chosen range of temperature, while too high a 
ID Code (Temp/Time) 
 
BPA adsorption capacity per unit area 
  
X1/X2   
k/SBET 
_(mg/m
2
)(l/mg)
1/n
 
Qmax/SBET 
mg/m
2
 
K1A -1/-1/0 
 
0.09 0.21 
K2A 1/-1/0 
 
0.19 0.34 
K3A -1/1/0 
 
0.13 0.28 
K4A 1/1/0 
 
0.03 0.11 
K5A -1/0/-1 
 
0.12 0.22 
K6A 1/0/-1 
 
0.18 0.29 
K7A -1/0/1 
 
0.14 0.25 
K8A 1/0/1 
 
0.13 0.28 
K9A 0/-1/-1 
 
0.23 0.29 
K10A 0/1/-1 
 
0.21 0.31 
K11A 0/-1/1 
 
0.18 0.32 
K12A 0/1/1 
 
0.22 0.33 
K13A 0/0/0 
 
0.21 0.33 
K14A 0/0/0 
 
0.19 0.34 
K15A 0/0/0 
 
0.20 0.34 
K16A 0/0/0   0.20 0.33 
K16W 0/0/0  0.17 0.32 
 
Response Source DF SS MS F Prob > F R
2
 
Yk/SBET-A Model 9 0.0414 0.0046 9.28 0.0067 0.9330 
 
Residual 6 0.0030 0.0005 
     Total 15 0.0444         
YQmax/SBET-A Model 9 0.0516 0.0057 4.80 0.0349 0.8780 
 
Residual 6 0.0072 0.0012 
     Total 15 0.0588         
 
  Yk/SBET-A     YQmax/SBET-A   
  Coefficient estimate Prob > │t│   Coefficient estimate Prob > │t│ 
Intercept 0.200 < 0.0001 
 
0.335 < 0.0001 
X1 0.006 0.4575 
 
0.008 0.5621 
X2 -0.013 0.1634 
 
-0.016 0.2321 
X3 -0.009 0.3089 
 
0.009 0.5011 
X1X2 -0.050 0.0041** 
 
-0.075 0.0049** 
X1X3 -0.018 0.1671 
 
-0.010 0.5841 
X2X3 0.015 0.2265 
 
-0.003 0.8898 
X1
2
 -0.079 0.0004** 
 
-0.076 0.0045** 
X2
2
 -0.011 0.3513 
 
-0.024 0.2187 
X3
2
 0.021 0.1049   0.001 0.9447 
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temperature and time is disadvantageous for the adsorption per unit area development, due to 
the negative interaction term, X1X2. The highest k/SBET response for AW SBAs of 
0.26_(mg/m2)(l/mg)1/n is achieved at the activation temperature, time and impregnation ratio 
of 820°C, 20_min and 0.5, respectively. The Q/SBET response for AW SBAs of 0.36 mg/m2 is 
also achieved at the same activation temperature and time with impregnation ratio of 3.5. 
Since the impregnation ratio does not have a notable effect on the response, the difference 
between the minimum and maximum impregnation ratios are not a significant contribution to 
the responses.  
 
Regarding the development of adsorption capacity per unit area of AW SBAs, it could be 
explained that in an earlier stage, an increasing of temperature up to 820°C could help 
eliminate the non-carbon element in sludge while potassium intercalation and expansion of 
pore size could be developed, thus causing the adsorbent to become more hydrophobic 
together with possessing a well-developed pore structure. However, increasing the 
temperature and time above the optimum conditions causes a higher rate of carbon burn-off to 
occur, which results in micropore destruction and mesopore widening (see the mesopore size 
development of K2A and K3A in section 6.2.3.4.2) and thus resulting in high amount of 
inorganic (mainly amorphous silica) remaining per gram of SBA. Hence, this phenomenon is 
not favourable for BPA adsorption. Although, amorphous silica could become more 
hydrophobic due to the elimination of Si-OH bond with increasing temperature [263]. The 
pore structures provide by amorphous silica are larger than these provide by the defective 
graphene layers due to the different atomic size of Carbon and Silicon. However, even if the 
same SA is provided, the higher amount of defective graphene layers is still more attractive 
for BPA molecules. 
 
By comparing WW and AW SBAs obtained from identical runs, the adsorption per unit area 
k/SBET and Qmax/SBET are 0.16 (mg/m
2)(l/mg)1/n and 0.32_mg/m2for K16W and  
0.20_(mg/m2)(l/mg)1/n and 0.33_mg/m2 for K16A, respectively. This result implies that the 
difference in surface chemistry between WW and AW K2CO3 SBAs have little influence on 
the BPA adsorption. The reason for a slightly higher adsorption capacity per unit SA of K16A 
over K16W mainly arrived from a reduction in the inorganic matter (more hydrophobic) and 
higher aromaticity degree of K16A compared to K16W. The major inorganic content in SBAs 
such as Ca, PO3
4-,S ,K and Mg [154] could enhance the adsorption of water molecules due to 
their hydrophilic properties and thus obstruct adsorption of BPA. Therefore, the removal of 
these inorganic elements by HCl washing results in a higher BPA adsorption. Similarly, a 
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higher relative aromaticity, due to the removal of hydrogen content, of K16A (see section 
6.2.4.1) causes the adsorbent to become more hydrophobic, which result in the basal plane of 
the SBA becoming more suitable for BPA molecules to be adsorbed. The research study by 
Tsai et al. [65] between CACs and mineral adsorbents also show that AC with a low surface 
polarity would be more effective than mineral adsorbent for the removal of BPA from the 
aqueous solution. 
 
Furthermore, according to the adsorption mechanism of organic pollutants on AC by 
Coughlin et al. [242], the adsorption is based on ¶-¶ dispersion interaction between the 
aromatic ring electrons in the adsorbate and those on the basal plane of AC [118, 242]. Thus, 
K16A with a low surface pH close to the solution (water), presents a surface charge density 
close to zero and thus the dispersion interaction between adsorbent and adsorbate is enhanced, 
because the BPA is still in its molecular form [118]. The study of BPA removal from water by 
CACs and almond shell ACs [118] also found a similar effect that the BPA adsorption 
became more favourable when the net charge density of the carbon is zero and less inorganic 
matter was presented in the adsorbents. 
 
6.3.2.4 Bisphenol A surface area 
 
The result of BPA SA (SBPA) of washed K2CO3 SBAs and also the % difference between SBET 
and SBPA, are shown in Table 6-18. The details of the calculation have been given in 
APPENDIX IV section 12.5.3.  
 
ANOVA of all adsorption model parameters fitted to the quadratic model equation in Table 6-
19 indicate that all of the models are significant. The test of individual variables in Table 6-20 
indicates that the significant model terms for the SBPA response of WW and AW K2CO3 SBAs 
(YBPA SA-W & YBPA SA-A) are the same as Qmax-W and Qmax-A response and thus the same 
explanation as previously outlined can be used.  
 
The highest SBPA obtained from WW and AW SBAs are 768.8_m
2/g and 1652.9_mg/g 
respectively (Figure 6-19). Positive strong R of 0.9651 and 0.9926 are obtained from the 
relation of SBET-A versus SBPA-W and SBET-A versus SBPA-A respectively. This result indicates 
that the BPA adsorption is largely dependent on their SBET.   
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Table 6-18 BPA SA and % difference to BET SA of WW and AW K2CO3 SBAs 
 
 
Table 6-19 ANOVA of BPA adsorption model parameters exhibited by washed K2CO3 SBA 
 
 
Table 6-20 Test of individual variables of BPA adsorption model parameters exhibited by 
washed K2CO3 SBA, quadratic model 
 
 
ID  
Exp code (X1/X2/X3)  
Temp/Time/Ratio 
 WW (K1W-K16W)    AW (K1A-K16A) 
SBET-W P SBPA-W % diff   SBET-A P SBPA-A % diff 
K1 -1/-1/0 NA 3.5 263.7 NA 
 
674.7 3.3 406.9 40 
K2 1/-1/0 NA 3.7 694.6 NA 
 
1614.8 2.2 1582.2 2 
K3 -1/1/0 NA 3.5 339.0 NA 
 
857 1.0 694.6 19 
K4 1/1/0 NA 2.8 184.9 NA 
 
676.6 4.8 207.9 69 
K5 -1/0/-1 NA 6.3 271.2 NA 
 
672 0.9 418.8 38 
K6 1/0/-1 NA 2.0 491.0 NA 
 
1083 2.1 890.0 18 
K7 -1/0/1 NA 3.9 282.0 NA 
 
762.8 3.3 547.7 28 
K8 1/0/1 NA 3.9 406.9 NA 
 
965.9 1.7 769.7 20 
K9 0/-1/-1 NA 0.9 474.7 NA 
 
1093.7 2.2 918.7 16 
K10 0/1/-1 NA 4.0 537.4 NA 
 
1130 1.9 982.1 13 
K11 0/-1/1 NA 3.0 694.6 NA 
 
1544.2 1.9 1424.0 8 
K12 0/1/1 NA 5.2 593.3 NA 
 
1693 3.9 1582.2 7 
K13 0/0/0 NA 3.9 730.2 NA 
 
1535.5 4.6 1424.0 7 
K14 0/0/0 NA 2.9 712.0 NA 
 
1648 2.5 1582.2 4 
K15 0/0/0 NA 2.9 730.2 NA 
 
1645.4 3.3 1582.2 4 
K16 0/0/0 810.8 5.1 730.2 10 
 
1608 2.2 1498.9 7 
 
Response Source DF SS MS F Prob > F R
2
 
YBPA SA-W Model 9 543275.8 60364.0 10.16 0.0053 0.9384 
 
Residual 6 35640.8 5940.1 
     Total 15 578916.6         
YBPA SA-A Model 9 3253103.4 361455.9 5.68 0.0233 0.8950 
 
Residual 6 381682.9 63613.8 
     Total 15 3634786.3         
Y%diff-A Model 9 4195.0 466.1 5.32 0.0274 0.8886 
 
Residual 6 526.0 87.7 
     Total 15 4721.0         
 
  YBPA SA-W    YBPA SA-A   Y%diff-A  
Variable 
Coefficient 
estimate 
Prob > 
│t│   
Coefficient 
estimate 
Prob > 
│t│   
Coefficient 
estimate 
Prob > 
│t│ 
Intercept 725.7 < 0.0001 
 
1521.8 < 0.0001 
 
5.50 0.2846 
X1 77.7 0.0291** 
 
172.7 0.1009 
 
-2.00 0.5679 
X2 -59.1 0.0731* 
 
-108.1 0.2709 
 
5.25 0.1639 
X3 25.3 0.3888 
 
139.3 0.1694 
 
-2.75 0.4379 
X1X2 -146.3 0.0090** 
 
-415.5 0.0165** 
 
22.00 0.0033** 
X1X3 -23.7 0.5607 
 
-62.3 0.6389 
 
3.00 0.5453 
X2X3 -41.0 0.3283 
 
23.7 0.8571 
 
0.50 0.9184 
X1
2
 -283.7 0.0003** 
 
-684.6 0.0016** 
 
21.00 0.0042** 
X2
2
 -71.4 0.1132 
 
-114.4 0.3994 
 
6.00 0.2473 
X3
2
 -79.2 0.0856*   -180.7 0.2018   -0.50 0.9184 
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Figure 6-19 3D response surface plots of BPA SA of WW and AW K2CO3 SBAs at optimum 
conditions 
 
Moreover, the results in Table 6-18 show that the SBPA are all lower than SBET values and the 
reasons causing this effect were already given in section 4.4.2.  
 
From the result in Table 6-20, the significant model terms for the response of % difference 
between SBET and SBPA-A are X1X2 and X1
2, respectively. This result means that the smallest 
different between SBET-A and SBPA-A is achieved at an intermediate value in a chosen range of 
temperature. Regarding this effect, explanation of the BPA adsorption capacity per unit area, 
as outlined in section 6.3.2.2 could be used. Strong negative R of -0.8999 and -0.9986 are 
obtained between Y%diff-A versus 𝒀𝒌/𝑺𝑩𝑬𝑻−𝑨 and between Y%diff-A versus 𝒀𝑸𝒎𝒂𝒙/𝑺𝑩𝑬𝑻−𝑨, 
respectively. A similar explanation of the development of adsorption capacity per unit area 
between WW and AW SBAs, as used in section 6.3.2.3 could also apply to a higher % 
different between SBET and SBPA of K16W over K16A. 
SBPA-A 
Imp ratio=2.4 
SBPA-W 
Imp ratio=2.5 
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6.4 RESULT III: OPTIMIZATION 
 
The responses of BPA adsorption capacities are largely dependent on BET SA. Thus, the 
optimization should be based on the optimum production conditions of BET SA. 
Nevertheless, to enable SBAs to be best suited for their use in the removal of a large range of 
pollutants, the SBAs should have a large BET SA combined with significant micropore and 
mesopore volume. Also, a relatively high SBA yield is commercially important, due to the 
cost of carbon production [163]. Thus, the optimization response is based on the optimum 
BET SA per batch, which was obtained from the AW SBAs by multiplying its BET SA by 
yield. The ANOVA of this model parameter fit to the quadratic model equation in Table 6-21 
indicates that the model is significant due to F-values > F-critical value, Prob>F less than 
0.05 and R2 ≥ 0.8.  
 
Test of individual variables in Table 6-22 indicated that the significant model terms for the 
BPA SA per batch response of AW K2CO3 SBAs are X1
2 and X3, respectively while X1X2, X3
2 
and X2
2 are also influencing the response. This result indicates that BET SA per batch is 
developed at intermediate values in the chosen range of temperature, time and impregnation 
ratio. This effect can be clearly seen in the 3D response plots in Figure 6-20. The highest SA 
per batch of 31650_m2 (100_g of original dry sludge) is obtained at 756°C/99min/1.47%wt. A 
summary of all the main predicted response value at the optimum condition of BET SA (YBET-
A), BET SA per batch (YBET&AY) and the highest response value obtained from each response 
are shown in Table 6-23.  
 
According to the result in Table 6-23, all the response values, except yields at the optimum 
condition of YBET&AY, are slightly lower than their response value obtained from the optimum 
point of YBET-A. However, all of the SA, PV and BPA adsorption capacities per batch obtained 
from the optimum condition of YBET&AY  are all higher than those obtained from the  YBET-A. 
Thus, this result confirms that the optimum production condition at 756°C/99min/1.47%wt is 
more economical for the SBA production. Additionally, although the BPA adsorption 
capacity per batch obtained from the AW SBA are slightly higher than those obtained from 
the WW SBA, the WW SBAs is also an attractive SBA due to the lower cost of the washing 
step. 
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Table 6-21 ANOVA of BET SA per batch model parameters exhibited by washed K2CO3 
SBA 
 
 
Table 6-22 Test of individual variables of BET SA per batch model parameters exhibited by 
washed K2CO3 SBA, quadratic model 
 
 
Figure 6-20 3D response surface plots of BET SA per batch of AW K2CO3 SBAs at optimum 
condition 
Response Source DF SS MS F Prob > F R
2
 
YBET&AY2-A Model 9 959127580.5 106569731.2 5.15 0.0295 0.8855 
 
Residual 6 124049500.3 20674916.7 
     Total 15 1083177080.5 
     
Variable Coefficient estimate Prob > │t│ 
Intercept 30622.0 <0.0001 
X1 -1151.4 0.5008 
X2 -2890.4 0.1223 
X3 -4232.3 0.0389** 
X1X2 -5527.3 0.0511* 
X1X3 -2102.8 0.3907 
X2X3 -3089.4 0.2230 
X1
2
 -9459.6 0.0059** 
X2
2
 -4897.8 0.0747* 
X3
2
 -5158.0 0.0638* 
 
Time=99 min 
Imp ratio=1.47 
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Table 6-23 Predicted response at optimum conditions 
Predicted responses   Highest predicted value   YBET-Aoptimum condition   YBET&AY optimum condition 
  
 
(individual optimum condition) 
 
 at 807.7°C/20 min/2.3%wt 
 
at 756°C/99 min/1.47%wt 
Acid washing 
      Yield (%) 
 
29.3 (600/20/0.50) 
 
16.5 
 
20.0 
BET SA (m2/g) 
 
1698.5 (807.7/20/2.3) 
 
1698.5 
 
1567.7 
Micropore SA (m2/g) 
 
1364.7 (786.6/20/2.1) 
 
1348.1 
 
1237.4 
Meso & Macropore SA (m2/g) 
 
787.3 (900/220/3.5) 
 
350.3 
 
330.3 
Total PV (ml/g) 
 
1.443 (851.8/20/2:1) 
 
1.407 
 
1.282 
Micropore volume (ml/g)* 
 
NA* 
 
NA* 
 
NA 
Mesopore volume (ml/g) 
 
0.972 (900/149/3) 
 
0.761 
 
0.729 
BPA adsorption capacity, k  ((mg/g)(l/mg)1/n) 
 
346.4 (806.7/20/1.2) 
 
338.4 
 
318.6 
BPA adsorption capacity, Qmax (mg/g) 
 
580.4 (812.7/20/2.4) 
 
579.9 
 
519.6 
BPA adsorption per unit area, k/SBET-A ((mg/m2)(l/mg)1/n)  0.26 (820/20/0.5)  0.21  0.21 
BPA adsorption per unit area, Qmax/SBET-A (mg/m2)  0.36(820/20/3.5)  0.35  0.34 
BPA SA (m2/g)   1652.9 (812.7/20/2.4)   1651.7   1479.6 
Water washing 
      Yield (%)** 
 
NA 
 
33.0** 
 
40.0** 
BPA adsorption capacity, k  ((mg/g)(l/mg)1/n) 
 
148.8 (795.7/50/2.5) 
 
146.6 
 
136.8 
BPA adsorption capacity, Qmax (mg/g) 
 
269.9 (802/33/2.5) 
 
268.9 
 
251.9 
BPA SA (m2/g)   768.8 (802/33/2.5)   765.8   717.3 
*well correlated to micropore SA with R=0.9816; **calculated by double the value of AW yield 
 
Table 6-24 SA and yield of AC production by chemical activation from literature 
Raw material Reagent Production condition* Post-treatment Yield (%) SBET (m2/g) SBET per batch (m2/g) Reference 
coconut shell ZnCl2 800/120/0.75/CO2 HCl 38.9 1510 58739 [264] 
coconut shell ZnCl2 800/120/3/CO2 HCl 22.5 2191 49298 [264] 
coconut shell KOH 800/120/0.5/CO2 HCl 13.2 2309 30479 [264] 
Turkish lignite K2CO3 800/NA/2.05/N2 HCl 37.19 922.85 34321 [157] 
*Temperature(°C)/Time(min)/Impregnation ratio by dry weight of reagent:raw material/gas used during activation 
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Although, the WW and AW K2CO3 SBA yield of 20 % and 40 % are lower and comparable to 
the SBA obtained from the H2SO4 activation of sludge [163], the SA per batch based on their 
optimum condition of K2CO3 activation are double the values obtained from the H2SO4 
activation (based on 377_m2/g BET SA and 40_% yield of H2SO4 SBA). Nevertheless, it is 
difficult to compare the SBAs produced from K2CO3 activation to the highest SA SBAs 
produced by KOH (1882_m2/g) and ZnCl2 (647_m
2/g) activation reported in the literature 
because the yields after acid washing were not given [182, 221]. It is possible to compare the 
BET SA per batch obtained from K2CO3 SBAs, to the AC production from chemical 
activation of coconut shell and lignite, which are two of the most common raw material use 
for CAC production, which was done so in Table 6-24. The result show that the BET SA per 
batch obtained from K2CO3 SBA is lower than the ZnCl2 activation of coconut shell but it is 
comparable to the K2CO3 chemical activation of Turkish lignite and KOH activation of 
coconut shell. Thus, this indicates that K2CO3 activation of sludge has significant potential as 
an attractive method for SBA production. 
 
6.5 SUMMARY 
 
K2CO3 has been shown to be an effective activation method for producing effective 
adsorbents from sludge.  RSM was used to study the effect of activation temperature (600-
900°C), time (20-220_min) and chemical: sludge impregnation ratio (0.5-3.5_%wt). Based on 
the result of AW SBA, the highest BET SA, micropore SA, total PV are found to be in an 
intermediate range of temperature and impregnation ratio between 786.6-851.8°C and 2.1-
2.3_%wt, respectively with an activation time of 20_min. Mesopore volume is optimized at 
higher activation temperature, time and impregnation ratio at 900°C, 143_min and 3_%wt, 
respectively. 
 
BPA adsorption kinetics of WW and AW SBA were both completed within 24 hours with the 
most of adsorption occurring in the first 2 hours. All BPA adsorption data are found to fit well 
with Freundlich, Temkin and Langmuir model equations. The BPA adsorption onto WW and 
AW K2CO3 SBAs are dependent on one main and minor factor namely: BET SA and the 
surface chemistry of the SBAs, respectively. Firstly, the BPA adsorption capacities of both 
WW and AW SBAs are largely depended on the BET SA (based on AW BET SA) with all 
positive R > 0.9445. Secondly, the acid washing removed inorganic content and their 
derivatives such as CO3
2- and PO4
3- ions, which remained in the WW SBAs. Thus, this helped 
reduce the hydrophilic nature of the SBAs and thus increased BPA adsorption. The low 
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surface pH (close to neutral) of AW SBAs (pH ≈5.6-8.2) also enhance dispersion interaction 
with BPA molecules better than the high surface pH of WW SBAs (pH≈8.2-10.2) which, 
could also result in a slightly higher adsorption per unit area of AW SBA. 
 
Although, AW K2CO3 SBAs show a higher SA, and slightly better BPA adsorption capacity 
per unit area (compared to the WW SBA) the BET SA and BPA adsorption capacities per 
batch of AW K2CO3 SBAs are only slightly higher than the WW SBAs. According to this 
result, the optimum production condition based on the highest BET SA and highest SBA yield 
is an activation temperature of 756°C and time of 99_min with the use of a sludge:K2CO3 
impregnation ratio (dry weight) of 1:1.47. It can be concluded from the result that the SBA 
production by K2CO3 activation is an interesting sludge management method for CAC 
manufacturing, producing a material for the removal of EDCs in wastewater.  
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7 AN EXPLORATION OF VARIOUS CHEMICAL ACTIVATION 
SYSTEMS FOR SEWAGE SLUDGE 
 
7.1 INTRODUCTION 
 
Although, several chemical reagents have been reported previously for producing SBAs the 
reagents used, sludge type, production conditions and pre-post treatment methods are all 
different. These parameters greatly affected the results and thus, make it hard to compare 
SBA yield alongside the physical and chemical properties of SBAs from each production 
process. This is further complicated due to the different sludge types: additives used, organic 
and inorganic ratio and production process, which could result in diverse SBAs properties. A 
critical review paper by Mohan et al. [265] also mentioned that studies of Biochar (from 
biomass and sludge) prepared by several methods using the same feedstock and applying it to 
the same adsorbents are rare. Only ZnCl2 and HNO3 (with drop wise KOH) were applied on 
both DMAD and DRAW sludge from municipal WWTP while H2SO4 and H3PO4 were also 
applied for DMAD sludge [2, 3, 42, 213, 266]. Thus, there are still various interesting 
activation reagents that have never been applied to DMAD and DRAW municipal sludge. 
Moreover, one of the most widely used chemical activation agents is H3PO4, which normally 
produces high SA and high density AC. It is less toxic than ZnCl2 and less deleterious than 
KOH but it has been found to be ineffective on sludge in previous studies [3, 179, 267].  
 
Past research has shown the influence of the adsorbent surface chemistry upon adsorption of  
various compounds [2]. Only a few papers have studied the surface chemistry (both 
organic/inorganic surface group and pH) of SBAs produced by chemical activation. 
Furthermore, after chemical activation most SBAs reported in the literature were washed with 
HCl in order to remove chemical and inorganic content [2], so if the SBAs can be washed 
with just H2O and yield effective SBAs for the removal of BPA (the inorganic element 
remaining in SBAs could give a positive influence for BPA adsorption), this would make the 
SBAs production by chemical activation more attractive compared to carbonization and 
physical activation. According to various gaps in researches mentioned earlier, this chapter 
was designed to elucidate these problems and try to make the SBAs produced from chemical 
activation become more economical for commercial production. 
The activation parameters which influence chemical activation include reagent type, 
activation temperature, raw material/chemical ratio, activation time and impregnation 
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methods. The two most crucial factors that could greatly effect both physical properties (SA 
and pore development) and chemical properties (surface chemistry) of SBAs are the type of 
reagents and the activation temperature. This is especially the case for sludge that contain a 
high inorganic content alongside their organic matter. Therefore, the work in this Chapter was 
focussed on varying the chemical reagents and activation temperature for SBA production 
while other parameters were unchanged (impregnation ration of 1:1% dry wt. and activation 
time of 60_mins). The post activation treatments were performed using both H2O and HCl 
washing. The activation reagents used included: ZnCl2, KOH, H3PO4, K3PO4, FeCl3, MgCl2, 
CaCl2, KCl, HNO3 and K2CO3. These chemical reagents were selected based on one or more 
of these following properties 1) powerful chemical reagent based on other material, 2) can 
behave like an oxidizing agents, 3) dehydrating reagent, 4) solubility in water and/or 5) 
melting & boiling point. There have been many studies with ZnCl2 on both sludge types 
enabling uniform comparison with results obtained by other researchers. The experiments 
with H3PO4 were performed in order to elucidate any problems that exist. The washed SBAs 
were subjected to further physical and chemical characterisations and also BPA adsorption in 
order to establish the most powerful activating reagents for producing SBAs that exhibited 
high SA/PV and appropriate surface chemistry for BPA adsorption. DMAD sludge were used 
as a precursor for all various chemical activation methods and DRAW sludge were also 
applied with KOH and K2CO3, which were shown to be the best reagents for producing the 
highest SA SBAs from the literature and this research project, respectively. The KOH and 
K2CO3 impregnated sludge were also subjected to TG-MS analysis in order to help 
understand their reaction mechanism occurring during activation under a nitrogen atmosphere.  
 
7.2 RESULTS I: VARIOUS CHEMICAL ACTIVATION OF SLUDGE AND 
CHARACTERIZATION OF THE SBAs 
 
The sample ID of each SBA produced in this chapter was assigned according to sludge type, 
reagent used for production, activation temperature and washing process.  The sample ID has 
been written as “Sludge_type+reagent/activation_temperature-washing_process”. “DM” and 
“DR” stand for DMAD and DRAW sludge, respectively.  “U”, “W” and “A” stand for 
unwashed, WW and AW, respectively.  For example, “DM+K2CO3” represents impregnated 
DMAD sludge with K2CO3 (1:1 % wt.) after drying at 105-110°C. “DM+K2CO3/750” 
represents SBA production from “DM+K2CO3” activated at 750°C for 60 min dwell time. 
“DM+K2CO3/750-U” represents unwashed SBA of “DM+K2CO3/750”. “DM+K2CO3/750-W” 
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represents WW SBA of “DM+K2CO3/750”. “DM+K2CO3/750-A” represents AW SBA of 
“DM+K2CO3/750”.  
 
7.2.1 Character of impregnated sludge and their behaviour during drying process 
 
The impregnation of sludge with chemical reagents was carried out as described in section 
3.2.5.3. The use of MgCl2, FeCl3, KOH, CaCl2, ZnCl2 and K2CO3 led to exothermic reactions 
where as KCl exhibited an endothermic reaction. The other chemicals used showed no 
temperature change. After impregnation, the samples were subjected to drying at 105–110oC 
until the mass was constant. From the results of the mass of impregnated sludge before and 
after drying in Figure 7-1, the mass loss increased when using K2CO3, K3PO4.H2O, FeCl3, 
KOH, H3PO4 and HNO3.  These results may imply that the greater the sample mass loss 
during the mixing and drying process, the greater the reaction between the sludge samples and 
the chemical reagents. Another factor influencing is the melting/boiling point of each 
chemical reagent, as lower melting/boiling points result in higher volatility and/or 
decomposition of the materials (see section 3.1.2 for mp/bp of chemical reagents). Images of 
DMAD sludge impregnated with 10 chemicals and DRAW sludge with KOH and K2CO3, 
after drying at 105-110oC are shown in Figure 7-2. 
  
 
* calculated based on the mass of HNO3 in HNO3 solution  
Figure 7-1 Weight loss of impregnated DMAD and DRAW sludge samples compare to the 
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Figure 7-2 Appearance of Chemically impregnated sludge sample of DMAD and DRAW (*) after drying
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7.2.2 Product yields 
 
Table 7-1 Yields for volatiles, SBAs, compounds dissolved during water and acid washing 
during the activation of chemically impregnated sludge 
 
*calculated based on the original mass of dry chemically impregnated sludge of 30 g basis; **calculated based on the mass of sludge in a 30 
g impregnated sample using for each run by: % SBA yield** = weight of the SBA after wash/(weight of dry impregnated sample used-
weight of the reagent impregnated) x 100 [250, 251] 
 
The product yields including unwashed, water&acid washed SBA yield, inorganic removal 
during water&acid washing and volatiles produced by different thermal treatments of all the 
 
ID/Carbonization & 
activation temp (°C) 
 
 
% yield 
 1st calculation method* 
2nd calculation 
method ** 
Volatile  
Unwashed 
SBA 
Inorganic 
removal by 
water washing 
Inorganic 
removal by 
acid wash 
WW 
SBA* 
AW 
SBA* 
WW 
SBA  
AW 
SBA 
DM+K2CO3/450 27.3 72.7 48.6 57.7 24.1 15.0 48.3 30.1 
DM+K2CO3/600 30.1 69.9 47.6 56.5 22.2 13.4 44.5 26.8 
DM+K2CO3/750 37.1 62.9 47.0 51.4 15.9 11.5 31.9 23.0 
DM+K2CO3/900 47.9 52.1 38.1 44.8 14.0 7.3 28.0 14.6 
DR+K2CO3/450 33.4 66.6 48.2 55.2 18.4 11.4 36.9 22.9 
DR+K2CO3/600 35.5 64.5 49.4 55.1 15.1 9.4 30.2 18.8 
DR+K2CO3/750 39.5 60.5 48.6 53.0 12.0 7.5 23.9 15.0 
DR+K2CO3/900 49.2 50.8 42.5 44.3 8.3 6.6 16.6 13.2 
DM+KOH/450 17.8 82.2 59.3 70.3 22.9 11.9 45.8 23.8 
DM+KOH/600 21.8 78.2 57.0 65.3 21.2 12.9 42.4 25.7 
DM+KOH/750 29.2 70.8 63.0 58.7 7.8 12.1 15.6 24.2 
DM+KOH/900 38.9 61.1 47.0 53.1 14.1 8.0 28.2 16.0 
DR+KOH/450 24.7 75.3 59.2 66.4 16.2 9.0 32.3 18.0 
DR+KOH/600 28.2 71.8 59.5 63.3 12.3 8.5 24.6 16.9 
DR+KOH/750 31.1 68.9 59.2 60.5 9.6 8.4 19.2 16.8 
DR+KOH/900 40.5 59.5 51.2 56.9 8.3 2.6 16.5 5.2 
DM+K3PO4·H2O/450 27.4 72.6 49.7 60.3 22.9 12.3 45.8 24.7 
DM+K3PO4·H2O/600 29.4 70.6 48.1 57.4 22.4 13.1 44.9 26.3 
DM+K3PO4·H2O/750 31.2 68.8 46.0 57.2 22.8 11.6 45.7 23.2 
DM+K3PO4·H2O/900 34.5 65.5 43.6 52.6 21.9 12.9 43.7 25.8 
DM+H3PO4/450 27.2 72.8 49.8 54.0 23.0 18.8 46.1 37.6 
DM+H3PO4/600 31.5 68.5 23.1 36.1 45.3 32.4 90.7 64.7 
DM+H3PO4/750 35.0 65.0 5.4 26.3 59.7 38.8 119.4 77.5 
DM+H3PO4/900 59.6 40.4 17.9 27.2 22.5 13.1 45.0 26.3 
DM+FeCl3/450 28.3 71.7 42.3 52.1 29.5 19.6 58.9 39.2 
DM+FeCl3/600 31.0 69.0 39.3 58.4 29.7 10.6 59.3 21.2 
DM+FeCl3/750 47.8 52.2 22.5 35.4 29.7 16.7 59.3 33.5 
DM+FeCl3/900 68.5 31.5 5.5 15.9 25.9 15.6 51.9 31.1 
DM+ZnCl2/450 21.0 79.0 - 59.5 - 19.5 - 39.1 
DM+ZnCl2/600 50.3 49.7 - 30.6 - 19.0 - 38.0 
DM+ZnCl2/750 70.1 29.9 - 12.1 - 17.8 - 35.6 
DM+ZnCl2/900 73.3 26.7 - 11.7 - 15.0 - 30.0 
DM+CaCl2/450 28.4 71.6 42.4 53.9 29.2 17.7 58.4 35.5 
DM+CaCl2/600 30.1 69.9 39.9 55.0 30.0 14.8 59.9 29.6 
DM+CaCl2/750 31.7 68.3 41.0 54.0 27.3 14.3 54.7 28.6 
DM+CaCl2/900 33.8 66.2 42.2 52.1 24.0 14.2 48.1 28.4 
DM+MgCl2/450 47.2 52.8 22.8 39.6 30.0 13.2 60.0 26.4 
DM+MgCl2/600 51.7 48.3 14.5 35.9 33.8 12.4 67.6 24.8 
DM+MgCl2/750 53.8 46.2 14.8 34.4 31.4 11.7 62.8 23.5 
DM+MgCl2/900 56.9 43.1 17.5 30.6 25.6 12.5 51.1 24.9 
DM+KCl/450 23.6 76.4 50.7 58.3 25.8 18.2 51.5 36.4 
DM+KCl/600 25.5 74.5 48.3 58.6 26.2 15.9 52.3 31.9 
DM+KCl/750 27.3 72.7 45.9 59.1 26.8 13.5 53.6 27.1 
DM+KCl/900 29.2 70.8 50.3 56.9 20.5 13.9 41.0 27.7 
DM+HNO3/450 46.1 53.9 2.6 29.0 51.3 24.8 102.6 49.7 
DM+HNO3/600 50.1 49.9 1.5 26.3 48.4 23.6 96.8 47.2 
DM+HNO3/750 53.8 46.2 0.4 23.6 45.9 22.6 91.7 45.2 
DM+HNO3/900 57.4 42.6 0.0 21.0 42.6 21.6 85.1 43.1 
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SBA production are shown in Table 7-1. The SBA yields were calculated by 2 methods. The 
*1st method is the SBA yield calculated from sludge that still contained some unreactive 
reagent and inorganic content. The **2nd method is based on the SBA yield calculated from 
the mass of sludge used in the dry impregnated samples used in the experiment, which is 
widely used in the literature [250, 251]. Further information is given in APPENDIX VI. The 
discussion of WW and AW SBA yields are based on **2nd calculation method while other 
product yield discussions are based on *1st calculation method. The other data in Table 7-1 
are given as a reference for comparison with other literature. 
 
Focusing on the DM+K2CO3 and DM+KOH show in Table 7-1, WW and AW SBA yields of 
DM+K2CO3 are similar or slightly higher than those obtained from DM+KOH, when 
comparing them at the same activation temperature. As expected, DRAW sludge gives a 
lower SBA yield compared to DMAD sludge, because of the higher volatile content. Care was 
needed when the carbon was removed from the furnace for activation temperatures above 
750°C. This is because elemental K was formed in the reactor which reacted strongly with 
moisture at room temperature, which also has previously been observed by Fierro et al. [268], 
producing heat and flames.  
 
K3PO4·H2O is also a strong alkaline reagent like KOH and K2CO3. From the result of 
DM+K3PO4·H2O, it was observed that the volatile content was very similar to the DM+KOH 
at activation temperatures below 600°C but the volatile content was much lower than KOH 
and K2CO3 when taken above this temperature. This showed that the K3PO4·H2O was less 
reactive with sludge than K2CO3 and KOH at above 600°C. Also, the WW and AW 
K3PO4·H2O SBA yields were very similar when compared at different activation 
temperatures. This is possibly due to the high melting point of K3PO4·H2O, which are further 
discussed in section 7.2.3.2. 
   
The volatile content and the DM+H3PO4/(450-900)-U yield only increased  by 5_% between 
450°C to 600°C and from 600°C to 750°C. However, there is a dramatic increase in the 
volatile and unwashed SBA yield of approximately 25_% between 750°C and 900°C. Both 
SBA yields after water and acid washing were found to increase when increasing the 
activation temperature from 450°C to 750°C and then to decrease dramatically at 900°C. 
Thus, the results imply that the reaction between sludge and H3PO4 was increasing with 
activation temperature and the phosphate compound and/or other by product compounds 
formed at 450-750°C were poorly soluble in water or acid. Further, from the observation of 
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the unwashed SBA structure, which seem to be very hard (like a rock) and agglomerates into 
lumps until 750°C after which they seem to reduce in hardness and density at higher 
temperatures. For this reason, an attempt was made to break the particles into smaller pieces 
to ease the penetration of water and acid into the particle, but it the hardness and density of 
the particle still appeared to prohibit access of reagents to the inner pore structure. This also 
resulted in the WW SBA yield increasing above 100_% (DM+H3PO4/750-W), which means 
that there are some unreacted chemicals and/or by products remaining in the washed sample 
that cannot be removed. The lower removal of compounds formed after H3PO4 activation 
compared to other chemical activation methods might also derive from the inorganic 
phosphate by-product compound formation with other inorganic species in sludge.  
 
Focusing on carbonization and activation of DM+FeCl3 and DM+ZnCl2, it can be generally 
said that FeCl3 and ZnCl2 reacted with sludge over slightly different temperature ranges. 
ZnCl2 was found to be reactive at temperatures above 450°C while FeCl3 was found to be 
reactive at higher temperature at above 600°C (see Table 7-1).  
 
From the result of FeCl3 SBA production in Figure 7-1, the SBA yields of DM+FeCl3/(450-
900)-W were found to be very stable up to 750°C, but dropped above this temperature. The 
AW SBA yield were found to decrease dramatically with an increase of production 
temperature from 450°C and 600°C while AW SBA yield only drop slightly when compare 
the SBA production at temperature of 450, 750 and 900°C, which exhibit the SBA yield 
between 30-37_%. The different trend in WW and AW SBA yield development might come 
from the fact that the unwashed carbon samples produced at temperatures between 450°C to 
750°C were found to be contaminated with greyish particles (possibly from the formation of 
other iron compounds), and because water cannot dissolve the iron metal but HCl can. The 
lowest AW SBA yield of 21.2_% at 600°C could be caused by the different iron compounds 
formed at this temperature which were easier to dissolve in acid than those produced at other 
temperatures. Nevertheless, further research is needed to confirm this assumption, such as by 
analysis of unwashed SBA produced at each different temperature by XRD, XRF and/or ICP-
AES methods.  
 
7.2.3 Nitrogen gas adsorption 
 
The WW SBAs were not subjected to Omnisorp analysis, given the result from Chapter 6. 
Overall, the SA of WW SBA are generally about half the SA of AW SBA. Also, a rough 
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indication of SA can be interpreted using BPA molecule, which will be described in section 
7.5.2.4. 
 
7.2.3.1 Nitrogen gas adsorption isotherms  
 
Figure 7-3a) to d) shows nitrogen gas adsorption and desorption isotherms exhibited by 
selected AW SBAs. A summary of the isotherm data for all SBAs are shown in Table 7-2. It 
can be seen that all of the AW SBAs exhibited a mixture of type IV and I isotherms, which 
indicates that both micro- and mesopores are present [26, 34, 51].  An example of different 
isotherms is quite clearly seen in AW K2CO3 SBAs (Figure 7-3a) where at low activation 
temperatures (between 450-600°C), the isotherms mainly tend to be type I isotherms with 
very small hysteresis loops at high relative pressure, indicating that micropores are mainly 
produced under these experimental conditions. When the activation temperature reaches 
750°C, the isotherm changes indicating the development of micropores as well as mesopores, 
as demonstrated by the larger hysteresis loop. At 900°C, the isotherm tends to change from a 
mix of type IV and type I to be nearly entirely composed of a type IV isotherm. AW K2CO3 & 
KOH SBAs produced from both sludge types all respond in the same manner in terms of the 
shape of isotherm development, as they indicate that micropores are developed up to an 
activation temperature of 750°C and then are reduced in number at higher temperatures. An 
interesting point to note is that for DR+K2CO3/900-A (Figure 7-3b), micropores are only 
reduced in the primary micropore filling range, but at higher relative pressures, micropores 
are still under development. This difference might arise from the fact that DRAW sludge has 
a higher carbon content than DMAD sludge and thus a higher temperature and/or longer times 
are required to develop pores of the same shape as those produced by DMAD sludge. In 
contrast, isotherm structures indicate that AW DMAD SBAs activated with K3PO4·H2O, 
H3PO4, FeCl3 and KCl have the best micropore development at 900°C while ZnCl2, CaCl2 and 
MgCl2 are best developed at 600°C (Figure 7-3c&d). 
 
The hysteresis loops on all AW SBA isotherms are mostly type H3 (with some of type H4).  
The only difference between the hysteresis loops of AW SBAs are their widths at different 
relative pressures, which can imply differences in their mesopore volume and structure within 
the SBAs.  
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Figure 7-3 Nitrogen gas adsorption isotherms of AW SBAs derived from various chemical activations 
b) DR+K2CO3/(450-900)-A a) DM+K2CO3/(450-900)-A 
d) DM+ZnCl2/(450-900)-A c) DM+H3PO4/(450-900)-A 
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Table 7-2 Nitrogen gas adsorption data for AW SBAs derived from various chemical activation methods 
 
ID 
 
BET 
SA* 
(m2/g) 
 
 
C 
value 
 
 
 
Micro
pore 
SA 
(m2/g) 
Meso&Macropo
re SA 
 (m2/g) 
 
Total PVat 
P/P0 = 0.98 
 (ml/g) 
Calculated based on total pore 
and micropore volume from t-
plot 
Effective micropore diameter 
by HK method 
Isotherm type/ 
Hysteresis loop 
Micropore 
volume (ml/g) 
Mesopore 
volume (ml/g) 
HK peak 
(dW/dR) 
Diameter at 
peak (nm) 
DM+K2CO3/450-A 293 253 155 139 0.274 0.067 0.207 1.6 0.5 I+IV/H4 
DM+K2CO3/600-A 624 4211 440 184 0.494 0.176 0.318 4.8 0.5 I+IV/H4 
DM+K2CO3/750-A 1476 158 1134 342 1.217 0.487 0.730 2.1 0.6 IV/H3 
DM+K2CO3/900-A 1119 81 530 589 1.421 0.322 1.099 0.9 0.6 IV/H3 
DR+K2CO3/450-A 359 384 296 63 0.246 0.132 0.114 2.6 0.5 I+IV/H4 
DR+K2CO3/600-A 808 7676 743 66 0.426 0.298 0.128 8.6 0.6 I+IV/H4 
DR+K2CO3/750-A 1859 588 1693 165 1.042 0.697 0.345 6.0 0.6 I+IV/H4 
DR+K2CO3/900-A 1979 71 1685 294 1.750 1.157 0.593 1.6 0.6 IV/H3 
DM+KOH/450-A 295 216 106 189 0.395 0.044 0.351 1.2 0.5 IV/H3 
DM+KOH/600-A 598 546 257 341 0.722 0.105 0.617 2.4 0.5 IV/H3 
DM+KOH/750-A 1106 108 669 437 1.016 0.300 0.716 1.3 0.5 IV/H3 
DM+KOH/900-A 606 80 182 594 0.994 0.200 0.794 0.6 0.6 IV/H3 
DR+KOH/450-A 355 250 212 143 0.395 0.092 0.303 1.4 0.5 IV/H3 
DR+KOH/600-A 705 2357 582 122 0.494 0.236 0.258 5.1 0.6 IV/H3 
DR+KOH/750-A 1609 409 1364 245 1.127 0.581 0.546 4.8 0.6 IV/H3 
DR+KOH/900-A 1012 85 601 980 1.246 0.424 0.822 1.0 0.6 IV/H3 
DM+K3PO4·H2O/450-A 150 34 0 150 0.283 0.000 0.283 0.2 0.6 IV/H3 
DM+K3PO4·H2O/600-A 290 474 173 117 0.314 0.074 0.240 1.8 0.5 IV/H3 
DM+K3PO4·H2O/750-A 454 1395 322 132 0.430 0.143 0.287 3.4 0.5 IV/H3 
DM+K3PO4·H2O/900-A 516 790 423 92 0.375 0.178 0.197 3.6 0.6 IV/H3 
DM+H3PO4/450-A 315 267 210 105 0.315 0.096 0.219 1.5 0.5 IV/H3 
DM+H3PO4/600-A 207 1198 147 60 0.200 0.062 0.138 2.7 0.5 IV/H3 
DM+H3PO4/750-A 85 301 40 44 0.116 0.017 0.099 0.7 0.6 IV/H3 
DM+H3PO4/900-A 672 244 488 184 0.566 0.212 0.354 2.6 0.6 IV/H3 
DM+FeCl3/450-A 438 1828 359 79 0.319 0.149 0.170 4.6 0.6 IV/H3 
DM+FeCl3/600-A 611 3557 493 118 0.467 0.198 0.270 5.3 0.5 IV/H3 
DM+FeCl3/750-A 748 1292 640 109 0.544 0.258 0.286 4.4 0.6 IV/H3 
DM+FeCl3/900-A 761 476 649 111 0.570 0.271 0.299 3.5 0.6 IV/H3 
DM+ZnCl2/450-A 612 421 538 74 0.374 0.249 0.125 3.8 0.6 IV/H3 
DM+ZnCl2/600-A 1036 191 801 235 0.768 0.410 0.358 2.5 0.6 IV/H3 
DM+ZnCl2/750-A 801 236 611 190 0.601 0.309 0.292 2.8 0.6 IV/H3 
DM+ZnCl2/900-A 684 260 514 169 0.513 0.259 0.254 3.0 0.6 IV/H3 
*BET range were selected between the range of 0.0001 and 0.25 with the R2 between 0.9999-1.0000; Bold letter indicate the highest BET SA obtained from each chemical activation method 
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Table 7-2 (continued) Nitrogen gas adsorption data for AW SBAs derived from various chemical activation methods 
 
ID 
 
BET 
SA* 
(m2/g) 
 
 
C 
value 
 
 
 
Micro
pore 
SA 
(m2/g) 
Meso&Macropo
re SA 
 (m2/g) 
 
Total PVat 
P/P0 = 0.98 
 (ml/g) 
Calculated based on total PV and 
micropore volume from t-plot 
Effective micropore diameter 
by HK method 
Isotherm type/ 
Hysteresis loop 
Micropore 
volume (ml/g) 
Mesopore 
volume (ml/g) 
HK peak 
(dW/dR) 
Diameter at 
peak (nm) 
DM+CaCl2/450-A 233 75 56 177 0.427 0.023 0.404 0.3 0.6 IV/H3 
DM+CaCl2/600-A 418 345 197 221 0.628 0.086 0.542 1.5 0.5 IV/H3 
DM+CaCl2/750-A 366 313 158 208 0.648 0.068 0.580 1.1 0.5 IV/H3 
DM+CaCl2/900-A 317 276 129 188 0.633 0.056 0.577 0.9 0.5 IV/H3 
DM+MgCl2/450-A 189 64 32 157 0.233 0.011 0.222 0.4 0.6 IV/H3 
DM+MgCl2/600-A 554 811 335 219 0.613 0.139 0.474 2.5 0.6 IV/H3 
DM+MgCl2/750-A 543 702 316 228 0.671 0.136 0.536 2.5 0.5 IV/H3 
DM+MgCl2/900-A 477 592 295 182 0.570 0.125 0.445 2.2 0.6 IV/H3 
DM+KCl/450-A 92 32 0 92 0.145 0.000 0.145 - - IV/H3 
DM+KCl/600-A 333 323 102 230 0.404 0.038 0.366 2.1 0.5 IV/H3 
DM+KCl/750-A 376 591 155 221 0.443 0.066 0.377 2.4 0.5 IV/H3 
DM+KCl/900-A 382 408 157 224 0.472 0.067 0.405 1.9 0.5 IV/H3 
DM+HNO3/450-A 47 18 0 47 0.118 0.000 0.118 - - IV/H3 
DM+HNO3/600-A 201 273 103 99 0.503 0.043 0.460 1.3 0.6 IV/H3 
DM+HNO3/750-A 251 349 99 152 0.276 0.044 0.232 1.5 0.5 IV/H3 
DM+HNO3/900-A 207 268 53 154 0.298 0.022 0.276 1.1 0.5 IV/H3 
Filtrasorb 400 1162 365 1093 68 0.589 0.457 0.133 6.0 0.6  I+IV/H4 
*BET range were selected between the range of 0.0001 and 0.25 with the R2 between 0.9999-1.0000; Bold letter indicate the highest BET SA obtained from each chemical activation method 
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7.2.3.2 Surface area and pore volume  
 
BET SA, micro-, meso- and macropore SA, total PV, micro-, mesopore volume, Horváth & 
Kawazoe (HK) peak intensity and pore diameter of HK at peak for AW SBAs produced from 
various chemical activation methods are shown in Table 7-2. These results show that, as 
expected, the BET SA, micropore and meso-&macropore SA follow the main trend of total 
PV, micropore and mesopore volume. Differences in the trends of the total PV, SA and the 
proportion of micro-and mesopores usually occurred at temperatures above 750°C, above 
which the total SA normally decreases while the total PV still increases. This difference arises 
from the fact that at the higher temperature, the narrow micropores become larger  e.g. change 
from primary micropores to more secondary micropores, possibly resulting in a lower BET 
SA, as the narrowest pores make a greater contribution to the specific SA per unit volume 
[268]. This result agrees well with the changing of the mixture of isotherm type I and IV to 
clearly type IV isotherm when activated at 900°C. 
 
The results in Table 7-2 show that among all AW SBAs, K2CO3 is the best activating reagent. 
The BET SA of DR+K2CO3/900-A is the highest SA ever reported for SBAs [2]. The best 
activation temperature of DRAW sludge impregnated with K2CO3 is 900ºC, this agrees well 
with values given in the literature for other biomass materials that normally having their best 
activation temperature above 750°C when using a dwell time of 60 mins [248]. The SA 
obtained from both types of the AW SBAs are higher than the CAC (Filtrasorb_400). Total 
PV in Table 7-2 indicates that several AW SBAs produced from K2CO3, KOH, H3PO4, 
MgCl2, CaCl2, ZnCl2 and FeCl3 yield similar or higher total PV (mainly from mesopore 
volume) than the CAC, even though most of these SBAs yield lower BET SAs. This result 
suggests that the AW SBAs could be more favourable for large adsorbate molecules than the 
CAC.  
 
For KOH activation, the SA obtained are in a similar range to those obtained in literature 
using similar sludge types, even though a two-step process was carried out in the literature 
[179] and a single step process was carried out in this research. It is worth noting from 
previous research that the impregnated and physical mixing were carried out with carbonized 
sludge (at 700°C), not via impregnation of the wet sludge and thus the nature of the reaction 
mechanisms of KOH and carbonized sludge are different to KOH and wet sludge. The highest 
SA of SBA (1882_m2/g) previously reported in the literature was made by KOH activation 
[221]. This SBA contains no silicon compounds, which are the main inorganic elements in 
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sludge derived from municipal or domestic WWTPs. Therefore, this may result in greater 
pore development due to the reduced inorganic content (only 4% ash content) obstructing 
pores. The SA of SBAs were obtained from WWTP sludge (mainly domestic in origin) in the 
same paper were much lower (1058 and 1301_m2/g), similar to the value obtained in this 
research.  
 
K3PO4·H2O cannot compete with K2CO3 or KOH in terms of producing a high SA and PV 
SBAs. This is probably due to the K3PO4·H2O having the higher melting point (1340°C) 
compared to K2CO3 (891°C) and KOH (360°C). This high melting point reduced reagent 
mobility and thus its interaction with the carbon structure. The highest SA presented by the 
DM+K3PO4·H2O/900-A may arise from the high melting point and also distinct properties of 
K3PO4, which was found to protect coconut based carbon from excessive burn-off in 
activation under a CO2 atmosphere, leading to a drop in SA [269]. 
 
For DM+H3PO4/(450-900)-A, the SA obtained at temperatures below 750ºC seems to agree 
well with the values obtained by Zhang et al. [267] and Ros et al. [179], which also presented 
low SA SBAs in this activation temperature range. DM+H3PO4/(900)-A gave the highest SA, 
which the optimum temperature at 900°C was generally different from that was found in other 
reported research with biomass, coal and lignite materials, for which the optimum activation 
temperatures are usually at approximately 400 to 500ºC [270]. The reason for the best 
activating temperature being 900°C might be due to loose structure of H3PO4 SBA helps the 
removal of the remaining of H3PO4 and/or other inorganic compounds formed during 
activation. This aided creating pore structure, resulting in a higher SA. It might be the case 
that at temperatures below 900°C, the H3PO4 reacted with the sludge in a similar manner as 
with the other biomass based material but this resulted in a very hard and very dense structure 
due to inorganic compounds such as phosphate-silicate forming. These were difficult to 
remove and/or obstructed pores and thus resulted in low SA SBAs. With regards to the 
reaction mechanisms of H3PO4, the study of AC produced from yellow poplar has shown that 
H3PO4 acts as an acid catalyst, which helps to promote bond cleavage reactions and the 
formation of crosslinks. This is by means of processes such as cyclization and combination 
with organic species, to form phosphate and polyphosphate bridges which bond and crosslink 
via covalent bonds between adjacent polymer chains and biopolymer fragments that lock the 
chains in place. Additionally, the insertion of phosphate groups creates a dilation process that 
leaves the sample matrix in an expanded state with an accessible pore structure after the 
removal of the acid. The secondary tightening occurs when the phosphate linkages become 
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thermally unstable as the temperature goes above 450°C and the decline in crosslink density 
permits the expansion and arrangement of Polyaromatic clusters which result in a more 
densely packed and less porous structure [271].  Therefore, the reaction mechanisms of H3PO4 
may explain the high SA and high density AC that can be produced from biomass material, 
which has a low ash content. Due to the high ash content in the sludge, a densely packed 
structure while still retaining a high inorganic fraction made it hard to wash and open blocked 
pores. 
 
The highest SA obtained using ZnCl2 activation was obtained at the lowest production 
temperature when compared with other chemical reagents. This is also similar to the optimum 
temperature reported in the literature when using the same sludge type in the production 
process, which was between 500 to 650°C [159, 182, 266]. Regarding the reaction 
mechanisms of ZnCl2, it behaves like a dehydrating reagent at the first stage then during the 
carbonization produces dehydration that results in charring and aromatisation and creation of 
pore structure [272]. In addition, the removal of zinc compounds entrapped on SBAs such as 
ZnCl2 and ZnO could also create additional micro- & mesopores [273].  Above this 
temperature, the reduction in the SA and PV might arise from sintering effects, where some 
pores are sealed off, followed by the shrinkage of the char and the rearrangement of the 
carbon structure [274]. The reduction of both micropore and mesopore volumes of the 
DM+ZnCl2/(750&900)-A also help to confirm this explanation. 
 
For DM+FeCl3/(450-900)-A, specific SA, micropore SA, total PV, micropore volume and 
mesopore volume all increase with increasing temperature from 450 to 900°C, while Meso & 
macropore SA increases up to a temperature of 600°C and then slightly reduce at higher 
temperatures. These results probably imply that micropore volume, total SA and total PV can 
possibly be further developed by using a longer activation dwell time. The different trend 
between mesopore volume and meso & macropore SA could be caused by a slight expansion 
of some micropores and small mesopores at temperature above 600°C.  Furthermore, a slight 
development of SA and PV with temperature from 750°C to 900°C (DM+FeCl3/750-A and 
DM+FeCl3/900-A) might be caused by the depletion of intercalation species (FeCl3 and 
FeCl2) at temperature above 750°C. The study of FeCl3 graphite intercalation compounds 
pyrolyzed under pure nitrogen atmosphere by Bégin et al. [275] indicated that partial 
decomposition of FeCl3FeCl2+1/2Cl2 occurred between 300°C to 450°C and its 
decomposition from Fe(III) to Fe(II) is completed at 500°C due to mol ratio of Cl/Fe = 1.98. 
Above 750°C, most intercalated species nearly disappear whereas a slight quantity of iron and 
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chlorine still remaining up to 900°C [275]. The changing of the form of FeCl3 after 
impregnation, to FeCl2·2H2O, was also detected on FeCl3 impregnated coffee husk sample 
with an additional formation of [CHy+(FeCl4
−)y]x species due to guest host transfer reactions 
(𝐶𝐻)𝑥 + 2𝑥𝑦𝐹𝑒𝐶𝑙3 → [𝐶𝐻𝑦 + (𝐹𝑒𝐶𝑙
4−)𝑦]𝑥 + 𝑥𝑦𝐹𝑒𝐶𝑙
2− [276]. Nevertheless, the maximum 
SA of  761_m2/g (DM+FeCl3/900-A) obtained at a very high temperature was totally different 
to the FeCl3 activated coffee husk based carbon, which yielded 965 m
2/g at 280°C [276]. This 
dramatic difference in the optimal activation temperature may be due to the nature of each 
raw material itself or perhaps the fact that the coffee husk based carbon was only produced at 
280°C, which was determined as the optimal temperature by thermal analysis (based on the 
point of maximum weight loss on TG), without higher temperatures being tried. Also, it could 
be the case that the FeCl3 is reactive in both low and high temperature regions or more 
effective at high temperature range.  
 
For CaCl2 activation, the SA, total PV and micropore volume peaked at 600°C and then 
declined with increasing temperature, while mesopore volume peaked at 750°C and fell 
thereafter. AW MgCl2 SBAs also behave like AW CaCl2 SBAs except that the total PV is 
maximised at 750°C.  Even though, MgCl2 and CaCl2 have been mentioned as activating 
reagents for AC production for a long time [203], to the best of this author’s knowledge, there 
are no in-depth studies of the mechanisms of these two reagents in the production of AC. The 
only information available about these activating reagents are that they act as dehydrating 
agents [277]. Thus, from the result of SA and PV in Table 7-2, it could support that these 
materials develop pores in the earlier stage of carbonization while later decreases in both 
micropore and mesopore volume might arise from the sintering effects that form a compact 
structure, resulting in the shrinkage of the SBA pores.  
 
For KCl activation, the SA, total PV, micropore and mesopore volume of AW KCl SBAs 
increase with temperature up to 900°C. The highest SA of DM+KCl/900-A is quite low when 
compared to the previously discussed chemical reagents. Previous research on the use of KCl 
as a catalyst in CO2 partial gasification for the production of AC from corn cobs also showed 
that KCl has a low catalytic activity in the presence of CO2 and produced a SA of only 490 
m2/g when compared with other alkaline reagents such as K3PO4, K2CO3 and KOH, which 
can produce SAs up to at least 900 m2/g [278].  Also, AC prepared from rice husks using KCl 
as an activating reagent also showed a low SA of 64_m2/g. However, this value is still higher 
than using CaCl2·H2O, a more common literature-reported reagent for AC manufacture, that 
yielded a SA of 53 m2/g [279]. The low SA and its slight increase with increasing activation 
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temperature may be explained by research carried out by Veraa and Bell [280], which 
mentioned that the alkali metal chlorides such as KCl, NaCl, LiCl, RbCl and CsCl act as 
inhibitors and weak promoters during the early and last stage of gasification, respectively. 
Thus, KCl in the presence of H2O and CO2 from sludge degradation may act like a weak 
promoter to the partial gasification reaction in this process and develop the highest SA at 
900°C. 
 
The lowest SA was obtained for HNO3 activation compared with other chemical activation 
reagents. HNO3 has been used to modify the carbon surface chemistry by many researchers. 
The SA of the ACs after HNO3 treatment are generally lower than that of the carbon before 
the surface modification [148, 281, 282]. Shim et al. [148] have mentioned that the lower SA 
can be attributed to decreasing micropore volume, which resulted from surface oxide groups 
presenting in some of the micropores. Furthermore, the reduction in the SA and PV of HNO3 
SBAs may arrive from the fact that HNO3 is a very strong oxidizing agent with low melting 
and boiling points, and thus the use of an impregnation ratio of 1:1 by weight with the mixing 
process under air atmosphere at room temperature was probably too aggressive for this 
reagent, causing too much pore widening and the de-structuring of samples. 
 
Overall, it can be concluded that K2CO3 is not only the best activating reagent for producing 
AC derived from biomass but also from sludge. There are many possible reasons for this 
observation. Firstly, K2CO3 is an alkaline substance that not only helps widen atomic layers of 
carbon to form larger pores but it may also help to remove the inorganic fraction within the 
sludge during the HCl washing step, which removes the remaining reagent and also the 
inorganic fraction that is acid soluble. Furthermore, other reactivity behaviour between K2CO3 
and sludge could also be influencing the observed results. These include the melting and 
boiling points of the reagents, creation of by-products with different mobility to that of the 
reagent; and the production of CO, CO2 and H2O that help to drive the reaction between the 
reagent and the carbon. A further detail discussion is given in section 7.4.  
 
7.2.3.3 Pore size distribution 
7.2.3.3.1 Horvath and Kawazoe Micropore size distribution 
 
From the results of the micropore size distribution of the AW SBAs in Table 7-2, the 
maximum intensity of dW/dR for all the SBAs and CAC are located at a very similar effective 
pore diameter, between 0.5-0.6 nm. The maximum intensity of dW/dR values differ 
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depending on each carbon samples. The highest dW/dR of the SBAs is 8.6, which is derived 
from DR+K2CO3/600-A. In the case of DMAD sludge activated with various chemical 
reagents, FeCl3 followed by K2CO3 are among the best activating reagents to produce the 
highest dW/dR values of 5.3 (DM+FeCl3/600-A) and 4.8 (DM+K2CO3/600-A), respectively. 
The reason behind the production of smaller micropores (between 0.5-0.6 nm) for FeCl3 is 
probably due to the smaller atomic radius of Fe compared to reagents such as ZnCl2, CaCl2 
and MgCl2. On the other hand, K2CO3 also shows good production of small micropores even 
though the atomic radius of metallic potassium is quite large compared to those of the metallic 
ions in the other chloride reagents. This is probably due to the differences in its activation 
behaviour compared to the metal chloride compounds as discussed earlier. The CAC also 
show an effective pore diameter between 0.5-0.6 with the maximum dW/dR intensity of 6.0, 
which is higher than all of the AW DMAD SBAs. 
 
Focusing on K2CO3 activation (DM+K2CO3/(450-900)-A and DR+K2CO3/(450-900)-A) and 
KOH activation (DM+KOH/(450-900)-A and DR+KOH/(450-900)-A), it can be seen that the 
dW/dR value of all the AW SBAs of both sludge types derived from these two activating 
reagents are maximised at an activating temperature of 600°C. The K2CO3 SBAs yield a 
higher dW/dR value over KOH SBAs at all activation temperatures when comparing SBAs 
produced using the same activation temperature and sludge type. These results might arise 
from differences in their activation behaviour, such as the reaction between potassium and 
carbon; and reaction between carbon and by-product breakdown. The by-product breakdown 
from the K2CO3 were mainly CO2. On the other hand, KOH activation released more H2O 
than the K2CO3 activation, (see the TG-MS result in section 7.4 for further detail). Based on 
the study of AC derived from biomass [241], the authors mentioned that the CO2 activation 
produced an opening, followed by widening of narrow microporosity while steam (H2O) 
directly widened the microporosity produced in the earlier stages of the process. Thus, the AC 
represented a lower micropore volume in the case of steam activation.  
 
Comparing two transition metal activating reagents, FeCl3 and ZnCl2, it can be seen that the 
maximum dW/dR value of DM+FeCl3/(450-900)-A  are all greater than DM+ZnCl2/(450-
900)-A when comparing at the same activation temperature. This indicated that at low 
effective micropore diameters, the FeCl3 SBAs gives better micropore development in this 
region even though the total presented micropore volume of ZnCl2 SBAs were higher than in 
the case of FeCl3. The reason for this development behaviour may be due to the fact that the 
radius of Fe3+ions, 55_pm, is smaller than Zn2+ ions, 74 pm, and thus Fe3+ may develop lower 
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diameter micropores better than ZnCl2. A similar result was observed when using FeCl3 as an 
activating reagent for producing AC from coffee husks. Compared with ZnCl2 AC, the FeCl3 
coffee husk based carbon showed a better defined PV and better pore formation in the smaller 
micropore range [276].  
 
Alkaline earth metal SBAs also show a similar trend in results. This also probably supports 
the hypothesis that the size of the cation has an effect on micropore development of the SBAs, 
as the size of Mg2+ ion (72 pm) is smaller than Ca2+ ion (100 pm). 
 
7.2.3.3.2 Mesopore size distribution 
 
The mesopore size distribution of the AW SBAs and CAC as determined by the BJH method 
are shown in Figure 7-4 a) to m). The AW SBAs and the CAC show very similar mesopore 
size distributions, usually presenting high PVs in the range of pore radius of 5-20 nm.  
 
It can be seen that both the DRAW and DMAD K2CO3 SBAs (Figure 7-4 a&b) slowly 
develop mesopores in the low temperature range between 450 to 600°C. The DMAD SBAs 
show a faster development of mesopores over the DRAW SBAs. Similarly, KOH SBAs in 
Figure 7-4 c&d) show a similar trend in mesopore size distribution, except for 
DM+KOH/900-A, which show a drop in mesopore size distribution within the 4-30 nm radius 
region from too much burn-off, destroying mesopores.  
 
Other AW SBAs show poorer mesopore development. AW CaCl2 and MgCl2 SBAs in Figure 
7-4 i&j) show slightly better mesopore development than other AW SBAs except for K2CO3 
and KOH SBAs. An interesting point to note is that DM+ZnCl2/600-A, DR+K2CO3/900-A, 
DM+K2CO3/900-A and DR+KOH/900-A (Figure 7-4a,b,d&h) show a strong artefact peak 
when compared to other AW SBAs. This is probably due to the fact that these SBAs 
contained small pores, e.g. small mesopore and large micropores, with capillary condensation 
effects taking place during the desorption process. 
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Figure 7-4 PV summary of AW SBAs produced from various chemical activation reagents and CAC 
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Figure 7-4 (Continued) PV summary of AW SBAs produced from various chemical activation reagents and CAC 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1 - 2 2 - 3 3 - 4 4 - 5 5 - 10 10 - 20 20 - 30 30 - 40
P
o
re
 v
o
lu
m
e 
(c
m
3
/g
)
Pore radius (nm)
e) DM+K3PO4·H2O/(450-900)-A
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1 - 2 2 - 3 3 - 4 4 - 5 5 - 10 10 - 20 20 - 30 30 - 40
P
o
re
 v
o
lu
m
e 
(c
m
3
/g
)
Pore radius (nm)
f) DM+H3PO4/(450-900)-A
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1 - 2 2 - 3 3 - 4 4 - 5 5 - 10 10 - 20 20 - 30 30 - 40
P
o
re
 v
o
lu
m
e 
(c
m
3
/g
)
Pore radius (nm)
g) DM+FeCl3/(450-900)-A
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1 - 2 2 - 3 3 - 4 4 - 5 5 - 10 10 - 20 20 - 30 30 - 40
P
o
re
 v
o
lu
m
e 
(c
m
3
/g
)
Pore radius (nm)
h) DM+ZnCl2/(450-900)-A
  267 
  
  
 
Figure 7-4 (Continued) PV summary of AW SBAs produced from various chemical activation reagents and CAC 
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Figure 7-4 (Continued) PV summary of AW SBAs produced from various chemical 
activation reagents and CAC 
 
7.3 RESULTS II: CHEMICAL AND SURFACE CHEMISTRY TESTS OF 
CHEMICALLY ACTIVATED SLUDGE 
 
7.3.1 Elemental analysis and Ash content  
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between the nitrogen stream, metal and carbon during the activation processes that were not  
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Table 7-3 Elemental analysis and ash content of sludge, WW and AW SBAs produced under optimum conditions for each reagent based on the BET 
SA 
  Atomic ratio (wt.% on dry basis)   BET  
C H N Non CHN Ash O* C/H ratio (m2/g) 
Sludge         
DMAD6 sludge 34.6 4.4 3.7 57.3 35.4 21.9 7.8  
DRAW4 sludge 41.1 5.0 3.6 50.3 20.1 30.2 8.2   
AW SBAs         
DM+K2CO3/750-A 42.2 <0.1 <0.1 57.6 47.1 10.5 421.7 1476 
DR+K2CO3/900-A 65.3 <0.1 <0.1 34.5 31.1 3.4 653.2 1979 
DM+KOH/750-A 27.0 <0.1 <0.1 72.8 62.8 10.1 269.7 1106 
DR+KOH/750-A 67.5 <0.1 <0.1 32.3 21.4 10.9 674.7 1609 
DM+K3PO4·H2O/900-A 29.4 1.1 <0.1 69.4 62.6 6.9 26.4 516 
DM+H3PO4900-A 35.7 <0.1 0.2 63.9 56.0 7.9 357.3 672 
DM+FeCl3/900-A 49.7 <0.1 0.7 49.6 42.2 7.4 496.7 761 
DM+ZnCl2/600-A 55.4 1.6 5.9 37.1 26.8 10.2 34.6 1036 
DM+CaCl2/600-A 50.0 1.7 4.6 43.7 31.4 12.3 29.8 418 
DM+MgCl2/600-A 59.3 1.8 4.8 34.2 27.9 6.3 33.9 554 
DM+KCl/900-A 43.7 <0.1 0.7 55.5 48.4 7.1 436.9 382 
DM+HNO3/750-A 34.9 <0.1 1.2 63.8 56.3 7.5 349.0 251 
WW SBAs         
DM+K2CO3/750-W 22.2 1.0 <0.1 76.7 73.7 3.0 21.8  
DR+K2CO3/750-W 40.9 <0.1 <0.1 58.9 53.6 5.3 409.3  
DR+K2CO3/900-W 25.7 <0.1 <0.1 74.1 71.5 2.6 256.7  
DM+KOH/750-W 13.8 <0.1 <0.1 86.0 83.7 2.3 137.6  
DR+KOH/750-W 33.4 <0.1 <0.1 66.4 63.7 2.7 333.6  
DM+FeCl3/900-W 31.2 <0.1 <0.1 68.6 73.3 0.0 312.0  
CACs         
Filtrasorb 400 89.7 0.8 <0.1 9.4 6.3 3.1 116.5 1162 
*Oxygen calculated by difference (assume that Sulphur is minor and can be negligible, < 2%, which obtained from sludge chars) 
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removed by acid washing. However, further investigations would be required to confirm these 
assumptions.  Furthermore, when considering % ash content and C/H ratio between the WW 
and AW SBAs produced by the same carbonization and activation method, it can be seen that 
the acid washing helps dissolve the inorganic content that usually blocks the accessible pores 
and thus increases as a proportion of the carbon in the sample. 
 
It can be clearly seen that the C and ash content of CAC are far higher and lower than all of 
the WW and AW SBAs in Table 7-3 even though the AW SBAs derived from K2CO3, KOH 
and ZnCl2 activation yield a similar or higher SA over the CAC. This might suggest that these 
high SA SBAs may result mainly due to small pores formation. This could be due to the high 
aromaticity as seen for AW K2CO3&KOH SBAs. Otherwise, this may arise from the effect of 
the atomic size of the metallic activation reagent and activation mechanisms discussed 
previously (e.g. DM+ZnCl2/600-A), which show a high SA with a low C/H ratio when 
compared to the CAC. 
 
7.3.2 X-ray diffraction  
 
To characterise the high ash content remaining within the selected SBAs, SBAs with the 
highest BET SA were subjected to XRD analysis in order to help identify major crystalline 
inorganic species. Impregnated sludge of these SBAs were also reported. 
 
7.3.2.1 K2CO3 and KOH 
 
 
Figure 7-5 XRD pattern of the AW K2CO3 SBAs 
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The XRD analysis for the best AW K2CO3 SBAs are shown in Figure 7-5. They show few 
crystalline phases, even though there is a significant ash content, (47_% and 31_% for DMAD 
and DRAW SBAs, respectively). The results imply that both the carbon and the inorganic 
structures within the SBAs are highly amorphous. 
  
The species comprising the inorganic components in the AW SBAs could not be determined 
from the initial XRD analysis. Therefore, DM&DR+K2CO3/750-A and DM&DR+KOH/750-
W were burned in a muffle furnace overnight at temperature of 650 ± 25°C prior to the XRD 
analysis in order to concentrate the inorganic phase to help identify and confirm the inorganic 
species which might affect the adsorption properties of the SBAs. The results are shown in 
Figure 7-6 a) and b) for K2CO3 and KOH SBA ashes, respectively. It is worth noting that the 
oxidation process could affect the formed/type of inorganic species but the type of inorganic 
species could indicate main element remaining in the SBAs. 
 
From these results, it can be clearly seen that the WW SBA ashes show a similar XRD pattern 
to those of iron and silicon oxide in the form of hematite (Fe2O3) and Laihunite (iron silicate, 
Fe1.6SiO4). The XRD results of both AW SBA ashes represent highly amorphous structures 
with a presence of SiO2 in the forms of quartz and also possibly tridymite only in the case of 
DM+KOH/750-A ash, in which its strong peak at around 30°2θ is hard to identify due to lack 
of other supporting peaks but possibly relate to tridymite. Thus, this indicates that acid 
washing mainly removes inorganic elements including iron/iron compounds which were 
earlier present in sludge, sludge chars and the WW SBAs, respectively.  
 
The inorganic species present in the DM+KOH/750-A ash are quite similar to those found by 
the research carried out by Lillo-Rodenas et al. [221], which found amorphous silica (≈ 
500_m2/g) as the main inorganic content remaining within the SBA, through XRD and SEM. 
Additionally, the XRD result from this research also indicates the presence of Fe4(Fe(CN)6)3 
and potassium aluminium silicate, which was an outcome of iron recombination during the 
washing step [221] while there is no presence of these inorganic compounds on 
DM+KOH/750-A ash. This is probably caused by a slightly different process during the 
washing step, in which boiling of the HCl with the unwashed SBA could accelerate the 
removal of inorganic compounds even though the same concentration of HCl washing were 
applied in both cases.  
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Figure 7-6 XRD pattern of the WW and AW SBA ashes; a) K2CO3 and b) KOH (H-hematite; 
L-Laihunite; Q-quartz; T-tridymite) 
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Figure 7-7 XRD pattern of DM+KOH (K-potassium oxide; Po-potassium sodium aluminium 
silicate hydrate) 
 
 
 
Figure 7-8 XRD pattern of DM+K2CO3 (Q-silicon oxide/quartz; Kh-potassium hydrogen 
carbonate hydrate) 
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The DMAD sludge impregnated with KOH and K2CO3 are shown in Figure 7-7 and 7-8, 
respectively. The diffraction pattern of the DM+KOH shows the presence of potassium oxide 
(K2O) and potassium sodium aluminium silicate. This result indicates that KOH acted as a 
dehydrating agent through the conversion of KOH into K2O and water. It might also indicate 
that KOH bonds with inorganic materials in sludge, such as feldspar, by forming potassium 
sodium aluminium silicate. On the other hand, the diffraction pattern of DM+K2CO3 indicates 
the presence of quartz, and the changing of K2CO3 into potassium hydrogen carbon hydrate 
(K4H2(CO3)3·1.5H2O). This result is similar to that found by research on urea-formaldehyde 
impregnated with the K2CO3 that changed to potassium hydrogen carbonate, KHCO3, after 
impregnation [283]. This work also indicated that the change of K2CO3 into KHCO3 had a 
strong effect on the development of the high SA adsorbent. This was because in the case of 
phenol-formaldehyde impregnated with K2CO3, there was no modification of sludge to form 
KHCO3 and as a result, the carbon produced by phenol-formaldehyde presented a far lower 
SA [283]. However, this research has not mentioned the reason for its effect on SA. 
 
7.3.2.2 FeCl3 
 
 
Figure 7-9 XRD pattern of DM+FeCl3, DM+FeCl3/900-W ash and DM+FeCl3/900-A ash (Q-
quartz; T-tridymite; L-Iron silicate/Laihunite; H-Iron oxide/Hematite; E-Iron chloride 
hydrate) 
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The diffraction pattern of WW and AW FeCl3 SBA ashes and DMAD sludge impregnated 
with FeCl3 are shown in Figure 7-9. The high background is due to Fe. For the DM+FeCl3, 
the presence of the FeCl2·2H2O shows similar results to those found by Mössbauer 
spectroscopy on coffee husks impregnated with FeCl3 [276], which further details are already 
mentioned in section 7.2.3.2. Post SBA production, the absolute intensity of DM+FeCl3/900-
A ash clearly indicates the removal of iron compounds after acid washing, due to the lower 
intensity background compared to DM+FeCl3/900-W ash. 
 
7.3.2.3 H3PO4 
 
From Figure 7-10, the inorganic residuals present on the diffraction pattern of 
DM+H3PO4/750-A and DM+H3PO4/900-A ashes are very similar even though the SA and ash 
content present by these two are dramatically different (85_m2/g, 70_% and 672_m2/g, 55_%, 
respectively). It could be inferred that the higher activation temperature at 900°C create a 
lower dense carbonaceous structure for this SBA whilst possession similar inorganic species 
to the SBA prepared at 750°C. Thus, the inorganic species in DM+H3PO4/900 could be easier 
to remove and thus result in a lower ash content and hence higher SA. Similar FTIR pattern 
and peak of DM+H3PO4/750-A and DM+H3PO4/900-A in Appendix VII Figure 12-31 also 
support this assumption. 
 
 
Figure 7-10 XRD pattern of DM+H3PO4/750&900-A ashes (Q-quartz; T-tridymite; Ka-
Potassium aluminium silicate) 
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According to the FTIR result in Appendix VII Figure 12-31, the surface functional group on 
DM+H3PO4/(600,750,900)-U, DM+H3PO4/(600,750)-W and DM+H3PO4/(600,750)-A are the 
same and only different in their intensity. The SFG on the DM+H3PO4/600-A and 
DM+H3PO4/750-A are the same as the unwashed and WW H3PO4 SBAs produced at the same 
activation temperatures but the intensity bands are lower than those SBAs. The lower 
intensity band observed on WW and AW SBAs, respectively could arrived from the removal 
of phosphate and polyphosphate esters. Nevertheless, condensed phosphate structure and the 
reaction of the phosphoric or polyphosphoric acid bond to inorganic precursor in sludge (such 
as Si, K and Al) could result in hardly soluble compounds and pore blockage (as discussed in 
section 7.2.2). The SFG on DM+H3PO4/900-W&A indicate a clear removal of the band at 
1254_cm-1 and DM+H3PO4/900-A also indicate a removal of the band at 940_cm
-1.This 
implies the removal of phosphate P=O bonds and P-O-phenyl, respectively. Thus, it could be 
the subsequent loss of carbon structure that allows water or acid access to the inner structure 
of DM+H3PO4/900-U. Thus, DM+H3PO4/900-A show much higher BET SAs than those 
produced at lower activation temperature. 
 
7.3.3 Fourier Transform Infrared analysis 
 
FTIR spectra of impregnated sludge, WW and AW SBAs produced from various chemical 
activating reagents are shown in Appendix VII. Discussion of FTIR result in this section was 
chosen based on significant result obtained from FTIR spectra and efficient SBAs. WW and 
AW SBAs were only discussed for the chemical reagent groups that yielded the BET SA in 
Table 7-2 greater than 600_m2/g. Additionally, for K2CO3 and KOH activation, the FTIR 
discussion was also focused on all impregnated sludge and unwashed SBAs because these 
reagents have shown to be very successful for pore development. The study of impregnated 
sludge and unwashed SBAs can help in the understanding of reaction mechanism between the 
reagents and sludge, which are also further discussed in section 7.4 with the aid of TG-MS. 
 
Table 7-4 Possible FTIR spectra of inorganic species in sludge/SBAs as prior identified by 
XRD 
Band assignment centre (cm-1) Relate compounds References 
1170, 1080, 800, 780 Quartz [179] 
1095, 1035 Feldspar (albite, anorthite) [179] 
1430-1420, 875, 710 Calcite [217, 284] 
1200-900 (br), 1094-1085, 1033-1030,  
963-960 (wk), 602 (wk), 566 (wk) whitlockite (Ca3(PO4)2) [217, 284] 
550-520, 481-450 Hematite (Fe2O3) [183, 217] 
1100 (1260-1000), 800, 470 Silica/ (amorphous) silica [181, 253] 
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Figure 7-11 IR spectra of quartz and amorphous silica (adapted from [253]) 
 
Unlike AC derived from biomass and coal, SBAs contained very high ash contents. Thus, the 
major inorganic components in sludge and sludge chars such as silicon, iron, calcium and 
phosphorus related compounds, as confirmed by EDX analysis [154] and ICP-AES in section 
4.2.2., could also play an important role in adsorption alongside other carbon/oxygen/nitrogen 
SFG on SBAs. Thus, the summary of FTIR results were proposed based on the possibility of 
both organic (see CHN result in section 7.2.4) and inorganic content (see XRD result in 
section 4.2.3.2 and 7.3.2) in sludge and SBAs. Prior to further FTIR discussion, it is worth 
considering the FTIR spectrum of the inorganic compounds present in sludge and SBAs and 
these are summarized in Table 7-4. Example FTIR spectra of quartz and amorphous silica are 
given in Figure 7-11. 
 
7.3.3.1 K2CO3 and KOH activation 
 
A summary of the infrared absorption bands and their tentative assignment for SFG and 
related compounds by K2CO3 and KOH activation are given in Table 7-5. The summary of 
the possible surface chemistry and inorganic compounds present in K2CO3 and KOH SBAs 
are shown in Table 7-6 and Table 7-7, respectively, which the abbreviation Imp-S, 750-U, 
750-W and 750-A mean impregnated sludge, unwashed, WW and AW SBAs produced at 
750°C. The “green” colour show the type of surface chemistry that present on the SBAs. The 
“yellow” colour show the surface chemistry that might be present on the SBAs, which indicate 
that the FTIR peak seem to indicate a presence of these compounds but further research is 
need to support the assumption. Note that the interpreted result of impregnated sludge and 
unwashed SBAs were used and together discussed with TG-MS result in section 7.4.      
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Table 7-5 FTIR band location of K2CO3/KOH impregnated sludge and SBAs, assignment to functional groups and related compounds 
Band 
assignment 
centre Band presented by samples Assignment/Functional group Relate compounds References   
(cm-1)           
3700-3200 
(peak ≈ 3400) 
 
both impregnated sludge, all SBAs O-H stretching 
moisture,  silanol (Si-OH), phenolic 
hydroxyl group (only for AW SBAs) [181, 214] 
 
both impregnated sludge  
N-H stretching in amide I , NH2 stretching 
in amide II protein 
[179, 181, 214, 
216]   
3217-3194, 
2991 all unwashed SBAs   K2CO3 [217, 284]   
2926-2924, 
2854-2853 DM+K2CO3, DR+K2CO3, DM+KOH, DR+KOH  C-H stretching in methyl & methylene 
long chain aliphatic associated with 
glicydic part of lipids [179, 181, 216]   
2170 
DM&DR+K2CO3/(750,900)-U, 
DM&DR+KOH/(750,900)-U  
(C≡N)- cyanide ions and  
thiocyanate (-SCN) 
cyanide and/or thiocyanate related 
compounds [181, 216, 221] 
 
2077-2075 
DM+K2CO3/(750,900)-U, DR+K2CO3/(900)-U, 
DM+KOH/(750)-U, DR+KOH/(900)-U  
(C≡N)- cyanide ions and isothiocyanate (-
NCS) KCN, isothiocyanate related compound 
[181, 216, 217, 
221, 284]   
≈ 1700 
(shoulder 
band) 
DM&DR+K2CO3/(450,600)-W&A, 
DM&DR+KOH/(450,600)-W&A 
C=O stretching in aldehyde, ketone, 
carboxylic acid & ester carbonyl, carboxyl SFGs [179, 181]  
1637-1635 DM+K2CO3, DR+K2CO3, DM+KOH, DR+KOH C=O stretching in amide protein [179, 181] 
    DM+K2CO3, DR+K2CO3   KHCO3 [284]   
1639-1616 all WW and AW SBAs 
C=C stretching in aromatic ring  polarized 
with oxygen atom quinone SFG [210, 211] 
 
 
all WW and AW SBAs C=C stretching in endocyclic system carbon structure of SBAs [212] 
 
  all unwashed and WW SBAs 
 asymmetric COO− stretching in 
carboxylate salt potassium benzoate, carboxylate group [181, 212]   
1593-1560 DR+K2CO3, DM+KOH, DR+KOH 
N-H bending in amide II and C-N 
stretching protein [214, 215]   
1456, 1448 DR+K2CO3, DM+KOH C-H bending in methyl and methylene long chain aliphatic part of lipids [181, 216]   
1452-1446 all unwashed SBAs out-of-phase CO3 stretching  inorganic carbonate salts (K2CO3) [181, 217, 284]   
1421-1406 all WW SBAs 
symmetric  COO−  stretching in 
carboxylate salt potassium benzoate, carboxylate group [181, 212]   
 DM+KOH, DR+KOH COO- stretching in carboxylic acid 
Free fatty acid or phospholipid part of 
lipids [215]  
1398, 1394 DM+K2CO3, DR+K2CO3,   KHCO3 [284]   
1387-1373 all unwashed SBAs out-of-phase CO3 stretching inorganic carbonate salts (K2CO3) [181, 285]   
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Table 7-5 (continued) FTIR band location of K2CO3/KOH impregnated sludge and SBAs, assignment to functional groups and related compounds 
Band 
assignment 
centre Band presented by samples Assignment/Functional group Relate compounds References   
(cm-1)           
1260-1180 
(shoulder 
band) all AW SBAs C-O stretching in phenol  phenolic hydroxyl group [181, 214]   
1260-1230 
(shoulder 
band) all AW SBAs 
 C-O stretching in aromatic ether (aryl-
O) ether SFG [181, 216]   
1116 DM+KOH/(450,600)-U out-of-phase SO4 stretching inorganic sulphate ions (possibly K2SO4) [181]  
1103-1090 all AW SBAs 
asymmetric C-O-C stretching in cyclic 
ethers ether SFG [181, 214, 216] 
 
  
Si-O stretching (amorphous) silica, quartz  [181, 253] 
 
1051-1014 
all impregnated sludge, all unwashed SBAs, all WW 
SBAs 
silicate ions; Si-O-Si and/or Si-O-C 
stretching 
silicon related compounds such as quartz 
and feldspars 
[179, 181, 183, 
216]   
1059, 1036 DM+K2CO3, DR+K2CO3   KHCO3 [284]   
1061-1057 all unwashed SBAs   K2CO3  [217]   
970-960 
DM+K2CO3/(750,900)-A, DR+KOH/900-A 
DM+KOH/(450,600,750,900)-A  Si-O stretching in Si-O-aryl group 
silicon compound related to carbon 
structure of SBAs [181]   
883-881 DM+KOH, DR+KOH, all unwashed SBAs out-of-plane deformation of CO3 inorganic carbonate salts (K2CO3) [181, 217, 284]   
839 DM+K2CO3, DR+K2CO3   KHCO3 [284] 
 
810-796 
DM+K2CO3/(450,600,750,900)-A, DR+K2CO3/450-
A, DM+KOH/(450,600,750,900)-A,  
DR+KOH/900-A 
symmetric C-O-C  stretching in cyclic 
ethers ether SFG [181]   
  Si-O-Si stretching  (amorphous) silica, quartz  [181, 218, 253]   
773-766 
both KOH impregnated sludge, DM+KOH/450-U, 
DR+KOH/450-U 
N-O stretching in organic nitrates (R-O-
N=O) organic nitrates in sludge [181]  
706-700, 
 675-667 all unwashed SBAs in-plane deformation of CO3  inorganic carbonate salts (K2CO3) [181, 217, 284] 
 623-602, 
 582-557 
all unwashed SBAs (except DR+K2CO3/(450,600)-U) 
and all WW SBAs PO43-ions  (bending) whitlockite [179, 181, 217]   
473-461 all AW SBAs Si-O bending (amorphous) silica, quartz  [181, 218, 253]   
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Table 7-6 Surface chemistry and inorganic compounds present on K2CO3 impregnated sludge, unwashed, WW and AW SBAs  
  DM+K2CO3 & DR+K2CO3 DM+K2CO3 DR+K2CO3 
Type of surface chemistry  
Imp
-S 
U-
450 
U-
600 
U-
750 
U-
900 
W-
450 
W-
600 
W-
750 
W-
900 
A-
450 
A-
600 
A-
750 
A-
900   
A-
450 
A-
600 
A-
750 
A-
900 
Protein     
  
  
    
  
   
  
   
Lipids     
  
  
    
  
   
  
   aromatic structure and/or endocyclic systems of six-
member rings fusion 
 
  
  
                          
Carboxyl 
 
  
  
      
  
    
  
    
  Carbonyl (aldehyde, ketone, carboxylic and ester) 
 
  
  
      
  
    
  
    
  Ether bridge 
 
  
  
  
    
                
Phenolic hydroxyl 
 
  
  
  
    
                
Cyclic ether 
 
  
  
                          
Conjugated ketone/quinone 
 
  
  
                          
Carboxylate (from carboxylate salt) 
 
  
  
            
   
  
   Si-O-Aryl 
 
  
  
  
    
  
 
            
Inorganic (as confirm by IR & XRD)                                   
Quartz     
  
                          
Amorphous silica 
 
  
  
  
    
                
Hematite 
 
  
  
            
   
  
   Laihunite 
 
  
  
            
   
  
   Whitlockite 
 
  
  
            
   
  
   Carbonate salt 
 
  
  
            
   
  
   Feldspar 
 
  
  
            
   
  
   KHCO3     
  
  
    
  
   
  
   K2CO3 
 
        
    
  
   
  
   Potassium benzoate (C7H5KO2) 
 
        
    
  
   
  
   Potassium cyanide (KCN) 
 
  
 
    
    
  
   
  
   Thiocyanate [SCN]-& Isothiocyanate (-N=C=S)                                   
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Table 7-7 Surface chemistry and inorganic compounds present on KOH impregnated sludge, unwashed, WW and AW SBAs  
  DM+KOH and DR+KOH DM+KOH DR+KOH 
 Type of surface chemistry 
Imp
-S 
U-
450 
U-
600 
U-
750 
U-
900 
W-
450 
W-
600 
W-
750 
W-
900 
A-
450 
A-
600 
A-
750 
A-
900 
A-
450 
A-
600 
A-
750 
A-
900 
Protein     
   
  
   
  
   
  
   
Lipids     
   
  
   
  
   
  
   Carbohydrate     
   
  
   
  
   
  
   Organic phosphate     
   
  
   
  
   
  
   Organic nitrate     
   
  
   
  
   
  
   aromatic structure and/or endocyclic systems of six-
member rings fusion 
    
   
                        
Carboxyl     
   
    
  
    
  
    
  Carbonyl (aldehyde, ketone, carboxylic and ester)     
   
    
  
    
  
    
  Ether bridge     
   
  
   
                
Phenolic hydroxyl     
   
  
   
                
Cyclic ether     
   
                        
Conjugated ketone/quinone     
   
                        
Carboxylate (from carboxylate salt)     
   
          
   
  
   Si-O-Aryl     
   
  
   
          
  
  
Inorganic (as confirm by IR & XRD)                                   
Quartz     
   
                        
Amorphous silica     
   
  
   
                
Hematite     
   
          
   
  
   Laihunite     
   
          
   
  
   Whitlockite     
   
          
   
  
   Carbonate salt     
   
          
   
  
   Feldspar     
   
  
   
  
   
  
   K2CO3             
   
  
   
  
   C7H5KO2             
   
  
   
  
   KCN     
 
      
   
  
   
  
   [SCN]- and -N=C=S     
 
      
   
  
   
  
   K2O                         
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From the result of WW K2CO3 SBAs in Table 7-6, it can be clearly seen that water washing 
removed all K2CO3 and KCN, which were observed earlier on unwashed K2CO3 SBAs. 
DM&DR+K2CO3/(750,900)-W show a presence of aromatic structure of carbon, carboxylate, 
quinone/conjugated ketone related SFGs and possibly cyclic ether SFG. Carbonyl and 
carboxyl SFGs were also presented on WW K2CO3 SBAs produced at lower temperature. 
After acid washing, the SFGs on AW SBAs were still the same as WW SBAs but with the 
removal of the carboxylate group and possibly an additional presence of phenolic hydroxyl, 
cyclic ether, ether bridge SFGs. Si-O-Aryl SFG were also detected on DM+K2CO3/(750,900)-
A and DR+K2CO3/(450-900)-A. 
 
The inorganic content remaining in all WW K2CO3 SBAs are quartz, hematite, laihunite, 
whitlockite, carbonate salt and feldspar. After acid washing, all of these inorganic 
compounds, except quartz, were removed with an addition of amorphous silica being 
presented. The effect of acid attack could result in the dissolution of metal elements from 
SBAs, which could result in the shifting of the Si-O bond in the 1200-900_cm-1 region to 
around 1100_cm-1 due to the removing of the bridging Si-O-Si of amorphous silica (see 
Figure 7-11), which could also increase the SA of SBAs. Similar results of WW an AW KOH 
SBAs were also summarized in Table 7-7 for which a similar explanation of the observed 
results can be used.  
 
7.3.3.2 ZnCl2, FeCl3 and H3PO4 activation 
 
DM+ZnCl2/(450,600)-W&A, DM+FeCl3/(750,900)-W&A and DM+H3PO4/900-W&A were 
selected for discussion in this section and the analysis of FTIR spectra are shown in Table 7-8. 
For ZnCl2 activation, the presence of a conjugated form of carbonyl, carboxyl and phenolic 
hydroxyl groups on DM+ZnCl2/450-A agree well with the AW ZnCl2 SBA, carbonized at 
500°C, surface chemistry result obtained by [182] according to their test by standard 
neutralization and FTIR methods. The literature research indicated that this SBA contain a 
total acidic surface functional group of 5.2_mEq/g adsorbent with the highest content in 
carbonyl (2.1), carboxyl (1.7), phenolic hydroxyl (1.1) and lactone group (0.3), respectively. 
Chen et al. [182] mentioned that the SFG on the FTIR result includes carbonyl groups and 
silicon compounds. Nevertheless, in addition to their conclusion, the phenolic hydroxyl group 
could be present at the shoulder band at 1210_cm-1 while the carboxyl group might possible 
overlapping under the left peak center at 1620_cm-1 (see Appendix VII, Figure 12-28 and  
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Table 7-8 FTIR band location of ZnCl2/FeCl3/H3PO4 WW and AW SBAs, assignment to functional groups and related compounds 
 
 
 
 
 
 
 
 
Band 
assignment 
centre 
Band presented by samples Assignment/Functional group Relate compounds References 
(cm-1)         
3700-3200 
(peak ≈ 3400) 
all WW and AW SBAs O-H stretching 
moisture,  silanol (Si-OH), phenolic hydroxyl 
group (only for AW SBAs) 
[181, 214] 
  
N-H stretching in amide I , NH2 
stretching in amide II 
protein 
[179, 181, 
214, 216] 
1700 (shoulder 
band) 
DM+ZnCl2/450-A 
C=O stretching in aldehyde, ketone, 
carboxylic acid & ester 
carbonyl, carboxyl SFGs [179, 181] 
1633-1616 all WW and AW SBAs 
C=C stretching in aromatic ring  
polarized with oxygen atom 
quinone SFG [210, 211] 
 
all WW and AW SBAs C=C stretching in endocyclic system carbon structure of SBAs [212] 
1200 (shoulder 
band) 
DM+H3PO4/900-A, DM+ZnCl2/450-A C-O stretching in phenol  phenolic hydroxyl group [181, 214] 
 
DM+H3PO4/900-A, DM+ZnCl2/450-A  C-O stretching in aromatic ether (aryl-O) ether SFG [181, 216] 
1122-1078 all WW and AW SBAs 
asymmetric C-O-C stretching in cyclic 
ethers 
ether SFG 
[181, 214, 
216] 
  
Si-O stretching (amorphous) silica, quartz  [181, 253] 
800-798 
DM+H3PO4/900-W,DM+H3PO4/900-A, 
DM+ZnCl2/450-A,DM+ZnCl2/600-A 
symmetric C-O-C  stretching in cyclic 
ethers 
ether SFG [181] 
    Si-O-Si stretching  (amorphous) silica, quartz  
[181, 218, 
253] 
940 DM+H3PO4/900-W P-O-phenyl   [181] 
473-461 all AW SBAs Si-O bending (amorphous) silica, quartz  
[181, 218, 
253] 
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12-29). These bands might be hidden under the high intensity region and shoulder peak at 
1040_cm-1 region. 
 
At higher activation temperature, all of WW and AW FeCl3 and H3PO4 SBAs presence in 
Table 7-8 show the presence of possibly quinone, aromatic and cyclic ether SFGs. P-O-phenyl 
is also present on DM+H3PO4/900-W. The main difference between these SBAs are inorganic 
species, which already described in section 7.3.2.2 and 7.3.2.3.  
 
7.4 RESULTS III: INFLUENCE OF K2CO3 AND KOH DURING 
CHEMICAL ACTIVATION OF SLUDGE BY TG-MS ANALYSIS 
 
From the SA and PV results, K2CO3 and KOH are among the best activating reagents 
producing high SA SBAs. Thus, the TG-MS of the K2CO3 and KOH impregnated DMAD and 
DRAW sludge were carried out in order to investigate the influence of these chemical 
reagents on the reaction mechanisms and its effect on pore development. The discussion of 
both impregnated DMAD and DRAW sludge will be divided into three sections; 1) KOH 
activation, 2) K2CO3 activation, 3) the discussion between KOH and K2CO3 activation. The 
total mass balance of solid, liquid and gases is shown in Table 7-9 while the total composition 
of gases in mol fraction is shown in Table 7-10. Quantitative DTG and total amount of gases 
produced from the impregnated sludge and raw sludge are summarized in Figure 7-12a) to g). 
Each gas at different activation temperatures during carbonization are shown in Figure 7-13a) 
to l). The amount of each gas released from the original sludge (DRAW and DMAD sludge in 
Table 7-9 have been reduced by 50_%, thus normalising the data aiding comparison between 
impregnated and raw sludge. 
 
Table 7-9 and 7-10 show that the major gaseous products during the activation process are 
H2O, H2, CO2, CO and CH4. The minor gaseous compounds are C2H6, C3H8 and C4H10 with 
trace levels of SO2, H2S, CH3OH, C2H5OH and C6H6.  
 
From Figure 7-12a)-d), the unidentified gas in the high temperature region (above 760°C) is 
possibly related to KCN and metallic K (bp=759°C) [286]. From the Table 7-9 and 7-10, the 
total amount of CO, CO2, H2 and unidentified gases (possibly KCN and metallic K) produced 
from KOH and K2CO3 impregnated sludge are much higher than by the original sludge. 
Comparing same sludge types, K2CO3 impregnated sludge yielded a higher amount of CO, 
CO2, H2, CH4 and unidentified gases than the KOH impregnated sludge. Also, KOH  
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Table 7-9 Mass balance of sludge, K2CO3 and KOH impregnated sludge during carbonization up to 1000ºC 
 
*corrected so that  total masses are equal to 50_% wt. of original DRAW and DMAD sludge 
Residual: unwashed SBA at 1000°C; Unidentified: other formation gas that may involve with inorganic compounds; All C6H6 gaseous evolved are less than 3 x 10-3 % wt. 
 
Table 7-10 The composition of gases evolved from sludge, K2CO3 and KOH impregnated sludge during carbonization up to 1000ºC 
 
*Calculation is based on the total amount of gas generated excluding unidentified gases 
 
 % by weight 
Samples Residual Tars Unidentified H2 CH4 H2O CO CO2 C2H6 C3H8 C4H10 CH3OH C2H5OH C6H6 SO2 H2S 
DMAD 38.37 25.80 0.00 0.92 1.08 16.26 10.18 5.81 0.77 0.39 0.11 0.08 0.01 0.00 0.06 0.15 
DRAW 30.10 32.04 0.00 0.64 0.59 20.72 8.56 6.46 0.55 0.27 0.03 0.02 0.00 0.00 0.01 0.00 
DM+K2CO3 33.67 13.41 13.22 0.83 0.57 4.27 20.86 12.51 0.24 0.26 0.07 0.04 0.01 0.00 0.02 0.01 
DR+K2CO3 21.98 15.94 21.03 1.15 0.60 6.00 22.93 9.43 0.40 0.38 0.11 0.03 0.01 0.00 0.02 0.01 
DM+KOH 54.56 7.16 5.28 0.72 0.39 5.60 18.74 6.94 0.28 0.22 0.07 0.02 0.01 0.00 0.01 0.01 
DR+KOH 34.26 11.65 19.59 1.12 0.51 7.16 17.24 7.65 0.36 0.34 0.12 0.02 0.00 0.00 0.00 0.00 
DMAD* 19.19 12.90 0.00 0.46 0.54 8.13 5.09 2.91 0.39 0.20 0.06 0.04 0.01 0.00 0.03 0.08 
DRAW* 15.05 16.02 0.00 0.32 0.30 10.36 4.28 3.23 0.28 0.14 0.02 0.01 0.00 0.00 0.01 0.00 
 
 % mole fraction* 
Samples H2 CH4 H2O CO CO2 C2H6 C3H8 C4H10 CH3OH C2H5OH C6H6 SO2 H2S 
DMAD 23.36 3.42 45.82 18.45 6.71 1.30 0.45 0.10 0.12 0.01 0.00 0.05 0.22 
DRAW 16.18 1.86 57.90 15.38 7.39 0.93 0.30 0.02 0.03 0.00 0.00 0.01 0.00 
DM+K2CO3 23.90 2.06 13.68 42.97 16.40 0.46 0.34 0.07 0.07 0.02 0.00 0.02 0.01 
DR+K2CO3 28.64 1.88 16.62 40.89 10.70 0.66 0.43 0.10 0.05 0.01 0.00 0.01 0.01 
DM+KOH 23.34 1.56 20.22 43.52 10.26 0.61 0.32 0.08 0.04 0.02 0.00 0.01 0.03 
DR+KOH 31.01 1.76 22.09 34.23 9.67 0.66 0.43 0.12 0.03 0.00 0.00 0.00 0.01 
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Figure 7-12 A quantitative comparison of DTG and the amount of gases produced, tars and other unidentified compounds for DMAD, DRAW, K2CO3 
and KOH impregnated sludge 
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Figure 7-12 (continued) A quantitative comparison of DTG and the amount of gases produced, tars and other unidentified compounds for DMAD, 
DRAW, K2CO3 and KOH impregnated sludge 
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Figure 7-13 Quantitative comparison of each gaseous compound produced from DMAD, 
DRAW, K2CO3 and KOH impregnated sludge 
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Figure 7-13 (continued)  
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Figure 7-13 (continued)  
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Figure 7-13 (continued)  
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Figure 7-13 (continued)  
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Figure 7-13 (continued) 
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activation yields higher residuals at 1000°C than K2CO3 activation (20_% and 10_% by 
weight in the case of DMAD and DRAW sludge, respectively). These results imply that 
K2CO3 and its by products were reacting with the sludge at a higher rate than KOH. 
Additionally, data from Table 7-9 and Figure 7-14b) help indicating that the amount of H2O 
produced by both alkali impregnated sludge is much lower than that from the original sludge, 
especially in the case of KOH impregnation. The reason for the lower H2O content is 
probably because both of these alkali reagents act as dehydrating agents, thus the amount of 
H2O that was present within the original sample was reduced during the impregnation and 
drying process at 105-110°C. KOH is hydroscopic so accumulate water more easily than 
K2CO3 and the higher the amount of H2O released from KOH impregnated sludge implies that 
KOH is a stronger dehydrating reagent than K2CO3. 
 
Considering the tar formation shown in Figure 7-12a)-d), Table 7-9 and Figure 7-13a), the 
impregnation ratio of 1:1 by weight means that there is only half the mass of sludge sample in 
the impregnated sludge. Thus, it can be seen that impregnated DMAD sludge yield lower 
amounts of total tar than in the case of impregnated DRAW sludge for the same activation 
reagent. This is due to the fact that DMAD sludge has been partially digested and hence has a 
lower organic material content than DRAW sludge (as discussed in Chapter 4). Additionally, 
comparing the different reagents used on the same sludge type, KOH has a lower tar 
formation than K2CO3 as expected. However, the result of the K2CO3 impregnated sludge is 
quite unexpected because it nearly has no change when compared to the tar formation of the 
original sludge. It has been known that the addition of alkali compounds in biomass pyrolysis, 
including K2CO3, could retard tar formation by reducing the formation of levoglucosan as an 
intermediate product, that can be converted to tar by producing a large amount of gas [287, 
288]. The reason that the K2CO3 has no influence on the tar formation is hard to explain. 
Further research is needed to understand these effects. 
 
7.4.1.1 KOH activation 
 
The DTG results of KOH activation in Figure 7-12a) and b) show a range of reactions that can 
be divided into 6 main regions. Most of the predicted reactions for KOH activation in this 
research have been derived from the studies of KOH activation of oak, coke and anthracite 
under inert/nitrogen atmosphere. The results were analysed using TPD, FTIR methods and 
also by titrimetric methods using silver nitrate, on a washed solution of AC samples [257, 
286, 289]. All of the reactions which may be occurring during carbonization and activation 
are shown in Table 7-11. 
  295 
Table 7-11 Reactions during carbonization and activation of KOH impregnated DMAD and DRAW sludge under N2 atmosphere 
Region/Temp 
(°C) Reactions possibly occurring Reaction number References Gases released 
(1) 25-130 2KOH(s,l) →K2O(s) + H2O(g) 7-1 [257, 290] H2O 
    CnHxOy + KOH(s,l) → [CnHx-1Oy-K] + H2O(g) 7-2 [291] 
(2) 130-300 K2O(s) + H2O(g) → 2KOH(s,l) reverse of reaction 7-1 
 
H2O, CO2, CO and 
CH4 
    K2O(s) + CO2(g) → K2CO3(s) 7-3 [257] 
(3) 300-385 C(s) + H2O(g) → H2(g) + CO(g) 7-4 [257] 
H2O,CO2,CO, 
H2,CH4,C2H6, 
C3H8,C4H10, CH3OH, 
C2H5OH,SO2 and H2S 
  
 
CO(g) + H2O(g) → H2(g) + CO2(g) 7-5 [257] 
 
K2O + SO2(g) → K2SO3 7-6 [292] 
 
2K2SO3 + 4SO2(g) → 2K2SO4(s) + 4SO(g) + O2(g) 7-7 [292] 
 
K2CO3(s) + H2S(g) → KHS(s,l) + KHCO3(g) 7-8 [293] 
  K2O + H2S(g) → K2S(s) + H2O(g) 7-9 [293] 
(4) 385-500 Reaction 7-1 to 7-9 
  
same as region (3) but 
H2, paraffin, SO2, H2S, 
CH3OH, C2H5OH and 
C6H6 maximising in 
this region    4KOH(s,l) + C(s) → K2O + K2CO3(s) + 2H2(g) 7-10 [290] 
(5) 500-760 CH4(g) + CO2(g) → 2H2(g) + CO(g) 7-11 [286] 
CO,H2,CO2 and CH4 
  
 
C(s) + CO2(g) → 2CO(g) 7-12 [257] 
 
K2O + H2(g) → 2K(l,g) + H2O(g) 7-13 [286] 
 
K2O + C(s) → 2K(l,g) + CO(g) 7-14 [290] 
 
6KOH(l) + 4C(s) + N2(g) → 2KCN(l) + 2K2CO3(s) + 3H2(g) 7-15 [286] 
 
6KOH(l) + 5.5C(s) + N2(g) → 2KCN(l) + 2K2CO3(s) + 1.5CH4(g) 7-16 [286] 
 
2KOH(l) + 3C(s) + N2(g) → 2KCN(l) + CO2(g) + H2(g) 7-17 [286] 
 
10K(l,g) + 6CO2(g) + N2(g) → 2KCN(l) + 4K2CO3(s) 7-18 [286] 
 
6KOH(l) + C(s) → 2K(l,g) + K2CO3(s) + 3H2(g) 7-19 [289] 
 
K2O + 2C(s) → 4K(l,g) + K2CO3(s) 7-20 [289] 
  K2CO3(s) + 2C(s) → 2K(l,g) + 3CO 7-21 [244, 283, 294, 295] 
(6) 760-1000 2KCN(l) → K2(CN)2(g) 7-22 [286] 
CO, unidentified 
gaseous compounds, 
H2, CO2 and CH4 
  
 
6KOH(l) + 4C(s) + N2(g) → K2(CN)2(g) + 2K2CO3 + 3H2(g) 7-23 [286] 
 
6KOH(l) + 5.5C(s) + N2(g) → K2(CN)2(g) + 2K2CO3 + 1.5CH4(g) 7-24 [286] 
 
2KOH(l) + 3C(s) + N2(g) → K2(CN)2(g) + CO2(g) + H2(g) 7-25 [286] 
  10K(g) + 6CO2(g) + N2(g) → K2(CN)2(g) + 4K2CO3 7-26 [286] 
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(1) Between 25 – 130°C, Reaction 7-1 could mainly occur prior to the sample being subjected 
to TG-MS analysis during impregnation and drying at 105-110°C under an air 
atmosphere.Nevertheless, Robau-Sánchez et al. [286] mentioned that the value of the Gibbs 
free energy corresponding to reaction 7-1 suggests that K2O should be produced by another 
chemical reaction while Di Blasi et al. [290] mentioned that this reaction is 
thermodynamically possible at 300ºC. Moreover, H2O could also be released from sludge 
according to reaction 7-2. The SFGs involved may include –OH, −CH, −COOH, −COH and –
CHOH [291], which were present on the lipids, carbohydrate and protein structures in sludge. 
Guo et al. [291] mentioned that the formation of cross-linked complexes during carbonization 
according to reaction 7-2 can retard and minimize the formation of tars and other liquids 
resulting in high char yield. Moreover, KOH could attack the –OH group in inorganic 
compounds such as silanol bond (Si-OH) and this could result in eliminating H2O from the 
impregnated sludge.  
 
(2) Between 130-300°C (peak ≈ 250°C), the major gas release is H2O and CO2 with a slight 
amount of CO, CH4 and the formation of tar residuals occurring. In this region, the presence 
of K2O on impregnated sludge and the release of H2O from sludge decomposition could easily 
result in the formation of KOH according to the reverse of reaction 7-1. The CO2, CO, H2O 
and CH4 released in this range mainly arise from the breakdown of organic materials within 
the sludge. Also, as a result of the formation of CO2 previously, reaction 7-3 could occur in 
this region. This reaction is thermodynamically allowable at ambient and higher temperature 
[290]. The formation of K2CO3 was also observed during carbonization of KOH impregnated 
with coal, which started at 197ºC [296].  
 
(3) Between 300-385°C (peak ≈ 335°C), the gases released were still the same as in region 
(2) with some slight addition of H2, CH4, C2H6, C3H8, C4H10 and very slight amounts of other 
gases including CH3OH, C2H5OH, SO2 and H2S being present. These compounds mainly 
arose from the breakdown of more complex organic compounds within sludge. The H2S 
possibly came from the degradation of bacteria in the sludge while SO2 arrived from 
degradation of inorganic sulphides and sulphate [297].  
 
In addition to the sludge decomposition, H2 could be formed by reactions 7-4 and 7-5 due to 
the previous formation of H2O and CO. H2 was also reported to release from the substitution 
of –H groups in sludge with –OK group in the reagent during intercalation [298], which the 
later assumption was based on the release of H2 and H2O during 150ºC-450ºC from 
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carbonization of coal impregnated with KOH. In the presence of K2CO3 and K2O, –OK group 
could also form and result in the release of CO2 and metallic K, respectively [287, 299]. The 
stabilization of the carbon atoms in crystallites, after removal of cross-linking due to the 
presence of oxygen in the potassium compounds, is held to be the cause of the minimization 
in the primary tars formation and the enhancement in the solid matrix condensation [290]. 
 
In addition to this, the high CO2 production between 300-400ºC as compared to the original 
sludge could also derive from the effect of potassium compounds such as K2CO3 that could 
cleave the glycosidic bond, which join the carbohydrate molecules to another group or 
carbohydrate, resulting in K intercalation with the main release of CO2. This assumption is 
based on the study of K2CO3 addition on cellulose pyrolysis [287]. They found that there is an 
especially high amount of CO2 released between 300-400ºC and the confirmation of this 
result by 13C CPMAS NMR of the open ring of –C-O-C- bond unit in glucose on cellulose 
pyrolysis at 400ºC. Furthermore, by considering the amount of light alkanes such as CH4, 
C2H6, C3H8 and C4H10 between 300-500°C, it suggests that these light alkanes generally 
formed slightly more than the value of the original DRAW and DMAD sludge. Thus, this 
indicates that potassium compounds such as K2CO3 might act as a weak catalyst for cleavage 
of C-C and C-H bonds and resulting in the release of CO2, H2 and parafins [287].  
 
In contrast, the level of sulphur compounds such as SO2 and H2S, released mainly in 300-
500°C region, from DM+KOH are lower than the release from its original DMAD sludge, 
(see Table 7-9). This suggests that potassium may act as an absorber for sulphur compounds 
and thus the formation of sulphur gaseous compounds are reduced, possibly through reaction 
7-6 to reaction 7-9. Reactions 7-6 to 7-8 were proposed from the adsorption study of SO2 on 
AC prepared from coconut shell with KOH activation [292] and the adsorption of H2S in 
moist air on catalytic carbonaceous adsorbents [293]. Reaction 7-9 was derived from the 
reaction of KOH with H2S [293]. However, in the case of DR+KOH, because the sulphur 
concentration was very small in the original DRAW sludge, this effect is hard to identify. It is 
worth noting that the materials such as oxides, hydroxides and carbonates of alkali or alkaline 
earth, e.g. K2CO3, are also used in flue gas treatment as additives to enhance formation of 
sulphite in order to remove the sulphur compounds such as H2S and SO2 from the gas stream  
[300, 301].  Also, water washing of KOH pre-treated oil palm shell AC exhibited a higher 
SO2 capture capacity than the AC prepared from H3PO4 activation, although the latter showed 
a larger SA [302]. These observations might result from its alkali properties in order to inhibit 
sulphur gaseous compounds formation.  
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It should be noted that reaction between carbons with alkali compounds and/or gaseous by-
product could also occur due to the remaining carbonaceous content in cross-linked 
complexes from reaction 7-2.  
 
(4) Between 385-500°C, the type of gases released are still the same as in region (3), but the 
amount of H2, paraffin and other minor gaseous compounds including SO2, H2S, CH3OH, 
C2H5OH and C6H6, maximise in this region, while the amount of H2O reduces.  
 
In this region, reactions 7-3 to 7-9 could still occur. Reactions 7-4 & 7-5 have greater 
prominence and result in the release of H2, which were discussed earlier. The reactions 7-1, 7-
2 and 7-9 might become less effective due to the lower amount of H2O present while the 
reaction 7-5 and 7-10 could become more influential due to a high production of H2 is 
observed on both of KOH impregnated sludge compared to the raw form. Di Blasi et al. [290] 
mentioned that reaction 7-10 is thermodynamically possibly at 427ºC. Additionally, the 
higher CO2 production in this region compared to the original sludge could arrive from the 
decomposition of K2CO3 according to the reverse reaction 7-3. The decomposition of K2CO3 
into K2O and CO2 could start to occur around 450ºC in the presence of carbon even though 
K2CO3 is quite stable and has its typical boiling point at 891ºC [290].  
 
 (5) Between 500-760°C, the gases released in this region are mainly CO with some H2, CO2 
and a very slight amount of CH4. From the result, it can be suggested that reactions 7-3 may 
still occur, together with other reactions related to potassium compounds. Reactions 7-11 to 7-
21, can also occur in this region. Carbon dioxide reforming reaction 7-11 could occur at 
temperature above 650°C [286]. A well-known boundary reaction 7-12 together with 
reduction by hydrogen and carbon reaction 7-13 and 7-14 could occur at the temperature 
above 700°C [257, 286, 290]. Nitrogen purge gas is the main source of KCN formation in 
reactions 7-15 to 7-18. The release of CO2 from reaction 7-17 could then react with the 
remaining K2O in the system to form K2CO3 according to reaction 7-3. KOH, K2O and K2CO3 
could react directly with the carbon according to reaction 7-19, 7-20 and 7-21, respectively. 
The high amount of CO produced above 650°C compared to the amount of CO produced by 
the original sludge also support  the reactions 7-11, 7-12, 7-14 and 7-21 becoming more 
influential above this activation temperature. The FTIR results obtained from unwashed KOH 
SBAs produced at 750°C and 900°C also confirm the presence of KCN in this region (see 
section 7.3.3.1, Appendix VII, Figure 12-26 and 12-27). Furthermore, as revealed by the 
FTIR result, it is suggested that the by-product remaining on unwashed SBAs should be 
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mainly K2CO3 (all unwashed KOH SBAs), KCN (on unwashed SBAs activated at 750ºC and 
900ºC).  
 
(6) Between 760 to 1000°C (peak ≈ 860°C for DM+KOH, ≈ 910°C for DR+KOH), the gases 
released in this region are mainly CO, unidentified gaseous compounds, H2 and CO2 also a 
very slight amount of CH4. The reactions that have already been mentioned in region (5) still 
occur in this region. Also, the liquefied KCN can transform to gaseous K2(CN)2 as shown in 
reaction 7-22 [286] together with reactions 7-23 to 7-26 could all occur in this region. 
Similarly to the previous region, the CO2 production by reaction 7-17 and 7-25 could then 
react with the remaining K2O and/or KOH remaining in the system to form K2CO3. With 
reference to the very high qualitative amount of CO being present in this region and K2CO3 
being produced by several reactions, this implies that reaction 7-21 possibly plays an 
important role with metallic K being converted from liquid to gas (boiling point is at 759°C). 
A strong reaction between metallic K and air moisture when the SBAs were removed from the 
furnace after activation at 900°C also confirmed the presence of metallic potassium.  
 
7.4.1.2 K2CO3 activation 
 
The reaction mechanism of K2CO3 in the production of AC under a nitrogen atmosphere has 
received less attention compared to KOH activation, even though some research carried out 
into AC production by this method and produced higher SA carbons comparable to KOH and 
other reagents [244, 303, 304]. There are several papers based on K2CO3 catalysis activity of 
coal, char, graphite and biomass during gasification and pyrolysis. From these, K2CO3 could 
increase the gasification rate and retard tar formation while promoting the production of gases 
such as CO2 and H2 [287, 295]. The main reaction mechanism between K2CO3 and carbon at 
high temperature (usually above 600°C depending on the raw material) followed reaction 7-
21 [244, 246]. The high production of CO2 during wood pyrolysis at 300-400ºC also indicates 
a strong influence of intercalation between K2CO3 and cellulose [287]. From the DTG results 
of K2CO3 impregnated sludge in Figure 7-12c) and d), it can be seen that the gases produced 
can be divided into 7 main regions. Generally, the range and type of gases produced by KOH 
and K2CO3 impregnated sludge are very similar at temperatures above 300°C. Below this 
temperature, it can be divided into 3 regions, which are different to the KOH impregnated 
sludge. All of reactions which possibly occur during carbonization and activation are shown 
in Table 7-12. 
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Table 7-12 Reactions during carbonization and activation of K2CO3 impregnated DMAD and DRAW sludge under N2 atmosphere 
Region/Temp 
(°C) Reactions possibly occurring 
Reaction 
number References 
Gases released/compound 
formation 
(1) 25-140 K2CO3(s) + 1.5H2O(l) → K2CO3∙1.5H2O 7-27 [305] 
H2O and CO2 (mainly 
released during impregnation) 
 
2CnHxOy + K2CO3 → 2[CnHx-1Oy−K] + H2O(g) + CO2(g) 7-28 
 
 
CnHxOy + K2CO3 → [CnHx-1Oy−K] + KHCO3(s) 7-29 
 
 
K2CO3∙1.5H2O + 2KHCO3 → K4H2(CO3)3∙1.5H2O 7-30 adapted from [306] 
 
2KHCO3(s) → K2CO3(s,l) + CO2(g) + H2O(g) 7-31 [307] 
(2) 140-210 
reaction 7-31,reverse reaction 7-30 and breakdown of organic 
matter in sludge     CO2, H2O and CH4 
(3) 210-300 Breakdown of organic matter in sludge     CO2, H2O, CO and CH4 
(4) 300-385 
reaction 7-4, 7-5 and 7-8 and breakdown of organic matter in 
sludge     
H2O,CO2,CO,H2,CH4,C2H6,C3
H8,C4H10, 
CH3OH,C2H5OH,SO2 and 
H2S 
(5) 385-500 same as region (4)       
(6) 500-760  reaction 7-21, 7-11 and 7-12     CO,H2,CO2 and CH4 
    K2CO3(s) + 4C(s) + N2(g) → 2KCN(l) + 3CO(g) 7-32 adapted from [286] 
(7) 760-1000 K2CO3(s) → K2O + CO2(g) 
reverse of 
reaction 7-3 
 
CO, unidentified gaseous 
compounds, H2, CO2 and CH4 
  
 
reaction 7-21,7-11,7-12,7-13, 7-14, 7-18, 7-20, 7-22, 7-26 and 
7-32 
  
 
K2O + 3C(s) + N2(g) → 2KCN(l) + CO(g) 7-33 adapted from [286] 
 
K2CO3(s) + 4C(s) + N2(g) → K2(CN)2(g) + 3CO(g) 7-34 adapted from [286] 
 
K2O + 3C(s) + N2(g) → K2(CN)2(g) + CO(g) 7-35 adapted from [286] 
  2K(l,g) + 2C(s) + N2(g) → 2KCN(l) 7-36 adapted from [286] 
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(1) Between 25 – 140°C, water removal occurs. During sludge impregnation in an air 
atmosphere, reaction 7-27 could occur due to water vapour adsorption [305] while organic 
matter in sludge could possibly form cross-linked complexes according to reaction 7-28 
and/or 7-29. Note that reaction 7-28 was adapted from the low temperature decomposition by 
reaction of the alkali carbonate with oxygen containing groups at the carbon surface to form 
surface salt complexes [306] while reaction 7-29 and 7-30 were proposed based on the 
formation of potassium bicarbonate hydrate, K4H2(CO3)3·1.5H2O as revealed by the XRD 
result in section 7.3.2.1. A slight dehydration effect during impregnation and drying under an 
air atmosphere might occur according to reaction 7-28 and/or 7-31. The transformation of 
KHCO3 into K2CO3 started to occur at 100°C and the complete transformation into K2CO3 
was completed at 186°C [305] and thus reaction 7-31 could occur slightly during drying at 
105-110°C. Nevertheless, the reverse of the reaction 7-31 could also occur at low temperature 
due to the absorption of CO2 [307] but the availability of CO2 in air is low so the reverse 
reaction 7-31 might be unlikely to occur. The lower dehydration effect in the case of K2CO3 
compared to KOH is probably caused by two reasons. Firstly, the number of moles of K in 
K2CO3 activation was lower than for KOH activation, when compared by weight. Secondly, 
the formation of K4H2(CO3)3·1.5H2O on dried impregnated sludge might mean that the main 
reactions occurred during impregnation and drying, derived mainly from reaction 7-27, 7-29 
and 7-30 and thus, less water was released from the sample, while the water was directly 
released from KOH impregnated sludge via the dehydration reaction 7-1 and possibly reaction 
7-2.  
 
Lee et al. [305] also observed the formation of K4H2(CO3)3·1.5H2O during the preparation of 
K2CO3 impregnated AC for CO2 adsorption. The research suggested that this was caused by 
the transformation of K2CO3·1.5H2O by pre-treatment under an excess of water at 90°C. 
However, the exact reaction was not provided, but the research indicated that 
K4H2(CO3)3·1.5H2O could change back to K2CO3·1.5H2O when drying at 60°C under N2 
atmosphere. Thus, this implies that the reverse reaction 7-30 together with reverse reaction 7-
27 could possibly occur during heating under an N2 atmosphere. 
 
(2) Between 140-210°C (peak ≈ 190°C), the major gas released was CO2, H2O and CH4. The 
released CO2 in this region could mainly derive from the transformation of 
K4H2(CO3)3∙1.5H2O and KHCO3 into K2CO3, CO2 and H2O according to reaction 7-31 and 
reverse reaction 7-30. Also, the magnitude of these CO2 peaks, when comparing DM+K2CO3 
and DR+K2CO3 (Figure 7-13c), are both very similar and this seem to supports the 
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observation that the CO2 produced in this region was mainly derived from the activating 
agent. Nevertheless, minimal amounts of H2O and CO2 in this region could also arrive from 
the breakdown of sludge and other light organic structures within the samples. 
 
(3) Between 210-300°C (peak ≈ 250°C), the gases released are mainly CO2, H2O, CH4 and 
CO. Other than the release of these gas compounds from the breakdown of organic matter 
within sludge, a very high amount of CO2 and H2O (Figure 7-13b and c) were released by 
both DM+K2CO3 and DR+K2CO3 compared to both the sludge and KOH impregnated sludge, 
which  suggests the influence of reaction 7-31 was still occurring. Nevertheless, FTIR, XRD 
and/or 13C CPMAS NMR analysis of the SBA obtained from this region should be carried out 
and studied in detail in order to confirm this assumption.  
 
Over the temperature range 300°C, a similar explanation of the reaction mechanism of KOH 
impregnated sludge could be used to explain the reaction and decomposition behaviour of 
K2CO3 impregnated sludge. The reaction of K2CO3 with impregnated sludge has already been 
summarized in Table 7-12. However, the KOH reaction with carbon and other by-products 
might not be occurring or it should be of much less influence than the K2CO3 and K2O 
reaction with those by-products due to the limiting amount of H2O which could form KOH 
according to the reverse of reaction 7-1. The higher CO2 and H2 production compared to their 
original sludge could arrive from the ability of K2CO3 to cleave C-H and C-C bonds [287]. 
Also, the higher amounts of light alkanes such as CH4, C2H6, C3H8 and C4H10 formed between 
300-500°C are also possibly derived from this reaction. For the K2CO3 activation at 
temperatures above 500°C, reaction 7-11, 7-12 and 7-21 should be the main ones in this 
region due to the high amount of CO being produced. Reaction 7-21 is the driving force that 
was proposed and used by many researchers for K2CO3 activation with biomass (chickpea 
husk and nutshell), resin, lignin, coal under inert and/or a gasification atmosphere [248, 280, 
295, 303]. Reactions 7-12 and 7-14 could also occur due to the decomposition of K2CO3 to 
form K2O and CO2. FTIR results in section 7.3.3.1 show the formation of cyanide ions. Thus, 
in additional to this, the high amount of CO being produced might also be derived from 
reaction between K2CO3 or K2O (decomposition by product of K2CO3) to carbon and nitrogen 
to form KCN and K2(CN)2 according to the reactions 7-14, 7-21 and 7-32 to 7-36. Reactions 
7-32 to 7-36 are proposed based on the adaption from the reaction proposed by Robau-
Sánchez et al. [286] together with the formation of cyanide ions, in which the reaction 7-32 
could occur in the region above 500ºC while reactions 7-33 to 7-36 could occur above 760ºC.  
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DM+K2CO3 also show a reduction of sulphur compounds including H2S and SO2 (Table 7-9 
and 7-10) but the result of DR+K2CO3 gives in an opposite result. In the case of DR+K2CO3, 
this was possibly due to the low amount of sulphur being present in the sample and the result 
might arrive from experimental error. Thus, further testing by adding sulphur into sludge and 
carbonization under a nitrogen atmosphere should be carried out in order to ascertain the 
assumption that the main presence of alkali K2CO3 during sludge carbonization could inhibit 
the formation of sulphur gaseous compounds.   
 
By comparing the results in Figure 7-12 c) & d) and Figure 7-13 a), it can be seen that the 
major difference is the magnitude of gases and tar produced in each region except the only 
similarity between the temperature range of 140-210°C that mainly contributed from the 
transformation of KHCO3. Between 210-500°C, the magnitude of the DTG in the case of 
DR+K2CO3 is higher than DM+K2CO3. This probably arose from two causes, firstly, the fact 
that the DRAW sludge had a higher amount of organic material than DMAD sludge. Another 
source might be the potassium compounds, which intercalate into the carbonaceous 
substances in the DRAW sludge more than in DMAD sludge, thus releasing more gases and 
light organic hydrocarbons. In contrast, between 500-760°C, the magnitude of CO production, 
which was the main gas released in this region, is higher in the case of DM+K2CO3. This 
might come from the fact that DMAD sludge has a lower volatile content than DRAW sludge 
and thus less volatile species that could obstruct the pore formation at this stage. Therefore, 
the reaction between carbon and the reactive species (potassium related compounds and/or 
secondary reaction from by-products) could occur faster in the case of DM+K2CO3 compared 
to DR+K2CO3. Above 760°C, since most of the volatile content in DRAW sludge has already 
been released, together with its higher carbon content over DMAD sludge. The qualitative 
amount of CO and unidentified gases such as metallic K and K2(CN)2 from DR+K2CO3 is 
higher than DM+K2CO3 due to the greater chance of potassium-carbon reactions occurring. 
The development trend of SA and PV of AW DMAD and DRAW SBAs in section 7.2.3.2 
also agree with this explanation.  
 
7.4.1.3 Comparing KOH and K2CO3 activation 
 
The higher ratio of KOH (or K2CO3 as seen in Chapter 6) to sludge by weight could create a 
higher SA and pore development as mentioned by Ros et al. [179]. Thus, based on the 
likelihood of K intercalation, KOH activation should be better for SA and pore development 
than K2CO3 activation. This was due to a result of a higher proportion of K in KOH (69.7g of 
  304 
K in 100g of KOH, 56.6g of K in 100g of K2CO3). Thus, if considered by wt.% of K, the 
amount of KOH used with a 1:1 by wt. % impregnation ratio has more “K” so should have 
given an increased SA compared with K2CO3 activation due to the higher potential for K 
intercalation to occur. Nevertheless, K2CO3 shows a better SA and pore development than 
KOH when compared to the SBAs produced from the same sludge type and using the same 
production conditions. Thus, the reasons for the higher SA development of K2CO3 over KOH 
SBAs must also have contributions from other factors. The main reason could be attributed to 
reactions 7-21, 7-32 and 7-34, which corresponded to a high CO production during K2CO3 
activation above 600°C. This resulted in a higher and faster SA development at activation 
temperatures of 750°C-900°C when compared to KOH activation, or at lower K2CO3 
activation temperatures. Carbon gasification by CO2, which was a decomposition by-product 
of K2CO3, could also play a main role in pore development according to reaction 7-12. 
Furthermore, it could cause an early stage of K2CO3 activation between 150-300°C, which 
reaction 7-31 could play a main role, which yielded a high CO2 production in this region 
compared to the KOH activation.   
 
In the case of KOH activation, the K intercalation together with oxidation at an early stage of 
KOH impregnation might be too aggressive, damaging the sludge texture (sludge is softer 
than coal and wood biomass). Thus, the expansion of lamella due to oxidation might result in 
a more mesoporous structure. This assumption is based on the fact that KOH is a strong base 
and it is able to interact with carbon atoms and thus catalyse the dehydrogenation and 
oxidation reaction leading to the reduction of tar evolution and increase in porosity 
development [298].  
 
7.5 RESULTS IV: BISPHENOL A ADSORPTION BY WW AND AW 
CHEMICALLY ACTIVATED SLUDGE 
 
Adsorption isotherms were performed on all of the WW and AW SBAs. The discussion of 
BPA adsorption by WW and AW SBAs were divided into two main sections; 1) pH of SBAs 
based on the solution data interpretation before and after BPA adsorption, 2) BPA adsorption 
by WW and AW SBAs. 
 
 
 
  305 
7.5.1 pH of the WW and AW SBAs and commercial carbon 
 
The pH of BPA solutions before and after BPA adsorption tests by SBAs and CACs were 
measured and compared with the real pH value of the CAC obtained by the surface pH 
method in section 3.2.9. The pH results calculated based on the average value of the pH value 
obtained from BPA solutions after adsorption tests are shown in Figure 7-14. This pH results 
can give an idea of the basicity/neutral/acidity of each SBAs that could influence BPA 
adsorption.  
 
It should be noted that the result regarding to BPA adsorption by Filtrasorb 400, Hydrodarco 
C and Pulsorb Pax were discussed in Chapter 5 and only the pH is used to compare with the 
WW and AW SBAs in this chapter.  
 
The result in Figure 7-14 indicate that all of the SBAs show basic properties except 
DM+H3PO4/450-A. Comparing the AW and WW SBAs produced under the same conditions, 
most of the AW SBA solutions show a reduction in pH except for FeCl3 and H3PO4 
activation, where the AW SBAs show a similar or higher pH value than their WW SBAs, 
respectively. The higher basicity after acid washing of H3PO4 compared to the water washing 
could result from the removal of entrapped phosphate compounds on the SBAs.  
 
The WW SBAs show a wide range of different pH, with the basicity or acidity mainly depend 
on each activating reagent used. The pH of WW SBAs produced by each chemical activation 
reagent arrange according to their basicity is as follow: MgCl2 > K2CO3 ≥ KOH > K3PO4·H2O 
≥ CaCl2 ≥ KCl > HNO3 > FeCl3 ≥ H3PO4. The WW K2CO3 and KOH SBAs show a similar pH 
for both WW DMAD and DRAW SBAs at about 10.2 (based on Hydrodarco C) and the pH 
trend is generally increasing with a rise of temperature. The highest pH is obtained from the 
WW MgCl2 SBAs. This may be caused by MgO deposit on the SBAs. 
 
In contrast, the pH of AW SBAs cover a narrower range than the WW SBAs, between 8.2 and 
5.2, based on the real pH value (pH determined according to pH test in section 3.2.9) obtained 
from Pulsorb Pax and blank BPA solution, respectively. Thus, these indicated that all of the 
AW SBAs are neutral or slightly basic due to the increasing in solution pH compared to the 
blank BPA solution. 
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Figure 7-14 pH of BPA solution before and after 24 hours adsorption tests by WW/AW SBAs and CAC 
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7.5.2 BPA adsorption isotherms 
 
7.5.2.1 BPA adsorption fitted to Freundlich, Langmuir and Temkin equations 
 
All BPA adsorption data was modelled to Freundlich, Langmuir and Temkin equations in 
order to find the best fitted model equation and BPA adsorption capacities by these SBAs. 
The best P values obtained from each adsorption isotherm model of each SBA are represented 
in bold letter. Plots of all k and Qmax values obtained from these WW and AW SBAs are 
shown in Figure 7-15 and 7-16, respectively. The parameters fitted to all of SBAs are given in 
Table 12-8 and 12-9 in Appendix IV. The parameter of fitted model equations of the highest 
BPA adsorption capacities obtained from WW and AW SBAs produced from each chemical 
activation reagent are shown in Table 7-13 and 7-14. The ranking arrangements of best BPA 
adsorption consider based on k and Qmax obtained from the production of each chemical 
reagent are also shown in these Tables. The plot of BPA adsorption data fitted to the three 
model equations are shown in Figure 7-17 and 7-18 for WW and AW SBAs, respectively. The 
result of linear plot of three adsorption isotherm models and all of BPA adsorption isotherms 
(by each set of chemical reagent) are given in and Appendix IV section 12.5.4.4.  
 
According to the result in Table 7-13 and 7-14, the parameters obtained from the Langmuir 
linear equation 1-10 were used for discussion and plotting of the Langmuir adsorption 
isotherms because it generally gave a better P value than the Langmuir equation 1-9 (a clear 
example is shown by the Langmuir linear isotherm plot of FeCl3+DM/900-A in Table 7-14 
and Appendix IV, Figure 12-13g and 12-14g). Most of the adsorption isotherm model 
equations generally gave an acceptable fit to the adsorption data as determined by P values 
except for some of the WW SBAs, including DM+H3PO4/450-750-W, DM+CaCl2/450-W, 
DM+MgCl2/450-W, DM+KCl/450-W and DM+HNO3/450-W. These SBAs show relatively 
low BPA adsorption capacities indicating high P value and/or negative adsorption capacities 
(Qmax or k value), see Table 12-8 in Appendix IV section 12.5.4.5. 
 
Comparing the result in Figure 7-15 and 7-16, the BPA adsorption of all AW SBAs are all 
higher than the WW SBAs, which were produced from the same activating reagent. This was 
derived from the removal of inorganic matter and thus, creates a more accessible porosity. 
Further explanation regarding to this was already given in section 6.3.2. 
 
 
  308 
 
Figure 7-15 BPA adsorption capacity, k, of WW and AW SBAs produced from various 
chemical activation methods (*for ZnCl2 only AW was performed) 
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Figure 7-16 BPA adsorption capacity, Qmax, of WW and AW SBAs produced from various 
chemical activation methods (*for ZnCl2 only AW was performed) 
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Table 7-13 Parameters of adsorption isotherms modelled fitted by Freundlich, Langmuir and Temkin equations of WW SBAs derived from various 
chemical activation methods  
ID/ Activated temp (°C) 
Freundlich       Langmuir, 1/(X/M) vs. 1/Ce       Langmuir, Ce/(X/M) vs. Ce     Temkin     pH after 
k  1/n R2 P Ra*   Q b RL R
2 P Ra*   Q b RL R
2 P   B=RT/b A R2 P   adsorption 
DR+K2CO3/750-W 236.37 0.08 0.956 2.02 
 
 
322.58 3.1 0.003 0.971 2.48 
 
 
333.33 0.811 0.014 0.999 9.31 
 
23 8.87x106 0.958 1.86 
 
7.0-7.3 
DR+KOH/750-W 187.76 0.07 0.991 0.59 
  
243.9 1.952 0.005 0.892 2.32 
  
256.41 0.534 0.02 0.999 6.65  14.5 3.71x10
5 0.985 0.77  7.1-7.2 
DM+K2CO3/750-W 125.06 0.13 0.951 2.28 1 
 
212.77 0.588 0.017 0.838 4.47 1 
 
232.56 0.188 0.056 0.989 8.48 
 
23.6 127.7 0.919 2.86 
 
6.9-7.0 
DM+KOH/750-W 89.35 0.12 0.862 3.77 3  149.25 0.411 0.024 0.902 3.1 3  151.52 0.373 0.029 0.994 3.41  15.2 229.7 0.847 3.62  7.0-7.2 
DM+K3PO4·H2O/900-W 43.52 0.12 0.88 2.98 4  75.19 0.338 0.029 0.812 3.74 6  78.74 0.211 0.05 0.992 4.89  8.2 114.4 0.854 3.16  6.7-6.8 
DM+H3PO4/900-W 14.63 0.27 0.918 4.67 8 
 
48.78 0.125 0.073 0.832 6.7 8 
 
58.82 0.055 0.168 0.948 9.47 
 
10.3 1.2 0.856 6.32 
 
5.5-5.6 
DM+FeCl3/900-W 109.7 0.09 0.896 2.53 2 
 
161.29 0.626 0.016 0.933 2.07 2 
 
163.93 0.409 0.026 0.996 3.31 
 
12.6 4333.8 0.891 2.43 
 
5.9 
DM+CaCl2/900-W 15.66 0.33 0.996 1.13 7 
 
71.94 0.082 0.107 0.968 4.42 7 
 
79.37 0.056 0.165 0.99 4.3 
 
15.9 0.7 0.984 2.43 
 
6.7-6.9 
DM+MgCl2/900-W 16.35 0.35 0.986 2.55 6 
 
82.65 0.073 0.12 0.987 2.94 4 
 
86.96 0.06 0.155 0.995 3.16 
 
18.2 2.7 0.989 1.96 
 
9.0-9.2 
DM+KCl/900-W 16.85 0.33 0.984 2.69 5 
 
78.74 0.079 0.112 0.989 2.76 5 
 
83.33 0.063 0.15 0.994 3.03 
 
16.9 0.8 0.99 1.46 
 
6.5-6.6 
DM+HNO3/900-W 3.66 0.46 0.987 3.2 9   34.84 0.039 0.201 0.996 2.37 9   37.04 0.034 0.249 0.987 2.94   8.4 0.3 0.987 2.22   6.3-6.4 
F400 247.86 0.13 0.93 4.41 
 
  400 1.923 0.005 0.992 1.9 
 
  400 1.923 0.006 0.998 1.9   38.8 671.6 0.938 3.72   6.2 
*Rank best BPA adsorption from each chemical reagent, only considered based on DMAD sludge 
 
 
Table 7-14 Parameters of adsorption isotherms modelled fitted by Freundlich, Langmuir and Temkin equations of AW SBAs derived from various 
chemical activation methods  
ID/ Activated temp (°C) 
Freundlich       Langmuir, 1/(X/M) vs. 1/Ce       Langmuir, Ce/(X/M) vs. Ce     Temkin     pH after 
k  1/n R2 P Ra*   Q b RL R
2 P Ra*   Q b RL R
2 P   B=RT/b A R2 P   adsorption 
DR+K2CO3/750-A 442.28 0.08 0.948 1.53 
 
 
625 0.727 0.013 0.938 1.76 
 
 
625 0.533 0.018 0.999 2.13 
 
44.2 16567.7 0.947 1.4 
 
5.9-6.2 
DR+K2CO3/900-A 378.79 0.16 0.982 1.55 
  
714.29 0.359 0.027 0.953 3 
  
769.23 0.236 0.04 0.997 3.86 
 
95.6 30.9 0.98 1.29 
 
6.1 
DR+KOH/750-A 381.86 0.08 0.807 2.26 
   555.56 0.486 0.02 0.889 1.86    555.56 0.486 0.02 0.998 1.86   41.6 6955.5 0.799 2.13   6.3-6.4 
DM+K2CO3/750-A 229.83 0.15 0.938 2.05 1  454.55 0.218 0.044 0.844 3.54 1  476.19 0.135 0.069 0.992 3.85  59 22.6 0.921 2.25  6.1 
DM+KOH/750-A 169.51 0.13 0.976 0.97 3  303.03 0.205 0.046 0.921 1.89 3  312.5 0.157 0.059 0.998 1.94  33.7 73.8 0.97 1.09  6.3-6.4 
DM+K3PO4·H2O/900-A 76.17 0.12 0.973 1.33 5 
 
126.58 0.427 0.023 0.883 2.78 6 
 
135.14 0.308 0.031 0.995 4.87 
 
13.3 185.9 0.958 1.62 
 
5.9-6.0 
DM+H3PO4/900-A 55.87 0.24 
0.97  
2 
3.1 7 
 
158.73 0.154 0.06 0.987 2.13 5 
 
163.93 0.128 0.079 0.998 2.58 
 
27.5 3.3 0.982 1.82 
 
5.8-5.9 
DM+FeCl3/900-A 174.82 0.08 0.928 2.13 2 
 
243.9 1.171 0.008 0.983 1.12 4 
 
25.25 0.023 0.322 0.818 95.39 
 
16.7 31211.1 0.932 1.89 
 
6.1-6.3 
DM+ZnCl2/600-A 109.98 0.27 0.988 2.09 4 
 
333.33 0.216 0.044 0.944 6.35 2 
 
384.62 0.107 0.093 0.986 8.48 
 
65.2 2.5 0.965 3.73 
 
5.7 
DM+CaCl2/750-A 27.4 0.29 0.986 2.19 9 
 
105.26 0.099 0.091 0.993 1.85 8 
 
111.11 0.079 0.123 0.997 2.64 
 
21.1 1.2 0.998 0.76 
 
5.8 
DM+MgCl2/750-A 61.14 0.14 0.943 2.37 6 
 
114.94 0.306 0.031 0.886 3.51 7 
 
119.05 0.206 0.051 0.996 4.57 
 
13.9 44.6 0.928 2.62 
 
6.1-6.3 
DM+KCl/900-A 36.76 0.2 0.951 3.55 8 
 
90.91 0.184 0.051 0.906 5 9 
 
96.15 0.126 0.081 0.99 5.16 
 
14.5 5.4 0.93 3.72 
 
6.0-6.3 
DM+HNO3/900-A 11.87 0.31 0.922 5.05 10   47.39 0.102 0.089 0.828 7.62 10   55.866 0.053 0.173 0.961 8.96   10.7 0.8 0.879 6.44   5.5-5.7 
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Figure 7-17 BPA adsorption data fitted to model isotherms exhibited by WW K2CO3 SBAs 
produced from best BPA activation condition of each set of chemical reagent 
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Figure 7-18 BPA adsorption data fitted to model isotherms exhibited by Filtrasorb 400 and 
AW K2CO3 SBAs produced from best BPA activation condition of each set of chemical 
reagent  
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According to the adsorption result in Table 7-14 and Figure 7-15, the maximum BPA 
adsorption capacity, based on the k value (Freundlich) of AW DMAD and DRAW SBAs, are 
230 and 442_(mg/g)(l/mg)1/n, respectively, which were obtained from DM+K2CO3/750-A and 
DR+K2CO3/750-A, respectively. Based on the Qmax value of Langmuir model, the maximum 
BPA uptake capacities are obtained from DM+K2CO3/750-A and DR+K2CO3/900-A, which 
are 456 and 714_mg/g, respectively. The best BPA adsorption capacities obtained from the 
WW SBAs are comparable to the CACs while the BPA adsorption capacities obtained from 
the best AW SBAs are among the highest BPA adsorption that has been reported in the 
literature [68]. From the highest BPA uptake by WW and AW SBAs, based on both k and 
Qmax in Table 7-13 and 7-14, it can be concluded that other than K2CO3, the most efficient 
chemical reagents to produce SBAs for BPA adsorption are KOH, FeCl3 and ZnCl2. 
 
Table 7-15 Correlation coefficient (R) between BPA adsorption data and nitrogen gas 
adsorption data 
 
*determined based on all AW adsorption data except Qmax obtained from DM+H3PO4/750-A 
 
Results in Table 7-15 show the R between k, Qmax and SA, PV data of AW SBAs. It could be 
said in general that of these AW SBAs correlate well with BET SA, micropore SA and 
micropore volume. Among this, k and Qmax give the best positive strong correlation to 
micropore and BET SA of 0.9619 and 0.9736, respectively. This result indicates that BPA 
adsorption on to AW SBAs are mainly by physisorption, which is greatly dependent on their 
BET and micropore SA.  
 
7.5.2.2 Classification of Bisphenol A adsorption isotherms 
 
All of the best WW and AW SBAs adsorption data in Figure 7-17 and 7-18 exhibited “type 
L” or “type H” isotherms, with the sub-group 2c according to the Giles classification of 
liquid/solid isotherm shape. DM+FeCl3/900-W, DM+FeCl3/900-A and Fitrasorb_400 also 
showed the same type of isotherm but with the sub-group 2. The sub group 2 indicate that the 
best FeCl3 SBAs and Fitrasorb_400 contained easier accessible micropores for BPA when 
compare with other SBAs.  
  
 
BET 
SA 
Meso&macropore 
SA 
Micropore 
SA 
 Total 
PV 
Micropore 
PV 
Mesopore 
PV 
k 0.9548 0.2514 0.9619 0.7507 0.9169 0.3033 
*Qmax  0.9736 0.3089 0.9573 0.8126 0.9549 0.3548 
 
  314 
From Figure 7-18, comparing DR+K2CO3/900-A and DR+K2CO3/750-A also 
DM+ZnCl2/600-A and DM+FeCl3/900-A, it is worth noting that DR+K2CO3/750-A and 
DM+FeCl3/900-A tend to show high adsorption affinity (type H isotherm) when compared 
with DR+K2CO3/900-A and DM+ZnCl2/600-A, respectively. This indicates that 
DR+K2CO3/750-A is better for use in dilute BPA solution (approximately less than 8_mg/l as 
shown in Figure 7-18) than DR+K2CO3/900-A, while the latter should be used at high BPA 
concentration. A similar interpretation can be used in the comparison between 
DM+FeCl3/900-A and DM+ZnCl2/600-A.  
 
7.5.2.3 Bisphenol A adsorption per unit area 
 
The adsorption per unit area calculated based on Freundlich (k/SBET) and Langmuir (Qmax/SBET) 
models of AW SBAs were calculated and the results are shown in Table 7-16. From Table the 
result, the highest BPA adsorption capacity per unit area among AW DMAD SBAs, based on 
k/SBET, is DM+FeCl3/900-A and based on Qmax/SBET, are DM+FeCl3/900-A and 
DM+ZnCl2/600-A. Other than an increasing of BPA adsorption per unit area according to the 
current understanding of the activating reagent and carbon interaction mechanism, as earlier 
discussed in section 5.4.2.2, the reason for the higher adsorption capacity per unit SA of 
DM+FeCl3/900-A could derive from surface chemistry effects due to the iron compounds on 
the SBAs, identified according to the XRD result in section 7.3.2.2. Positive influence of iron 
with the BPA adsorption seems to agree well with the literature study by [308, 309]. Li et al. 
[308] also found that iron oxides played a positive role in BPA adsorption onto natural surface 
containing samples and surficial sediments. 
 
The result in Table 7-16 also show that BPA adsorption capacities per unit area of the AW 
SBAs made under the same activation conditions, are higher for DRAW sludge than DMAD. 
The reason for this may be due to the lower ash and high carbon content in the DRAW SBAs 
(DR+K2CO3/750-A and DR+KOH/750-A) compare to the DMAD SBAs (DM+K2CO3/750-A 
and DM+KOH/750-A). The lower amounts of other inorganic species, higher carbon content 
(low surface polarity) and lower C/H ratio in DRAW SBAs are thought to play an important 
role in BPA adsorption. 
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Table 7-16 BPA adsorption per unit area, BPA SA and % difference to BET SA of best AW 
SBAs based on BPA adsorption capacities 
 
*% Difference = (SBET-SBPA)/SBET x100; **based on the production at the same temperature; ***consider based 
on SBPA of DMAD SBAs only  
 
7.5.2.4 Bisphenol A surface area 
 
The highest SBPA obtained from the AW and WW SBAs produced from each chemical reagent 
are shown in Table 7-16 and Table 7-17, respectively. The detail of the calculation has already 
given in APPENDIX IV, section 12.5.3. 
 
The highest SBPA obtained from WW DMAD SBAs (Table 7-17) are DM+K2CO3/750-W, 
DM+FeCl3/900-W and DM+KOH/750-W, respectively. The highest SBPA obtained from AW 
DMAD SBAs (Table 7-16) are DM+K2CO3/750-A, DM+ZnCl2/600-A, DM+KOH/750-A and 
DM+FeCl3/900-A, respectively.  
 
Comparing the SBPA between AW SBAs and WW SBAs at the same activation condition 
(Table 7-16 and 7-17) shows that acid washing generally enhances of SBPA by approximately 
3 fold for the H3PO4 and 2 fold for K2CO3 and KOH SBAs. Other SBAs show less than 2 fold 
increases compared with the WW SBAs. This result suggests that in terms of sustainability, 
only H3PO4, K2CO3 and KOH that might worth acid washing due to the greater improvement 
of SBPA. Nevertheless, further economic evaluation should be carried out at this point. 
 
  
BPA adsorption 
capacity  
per unit area   
  
SBPA of AW SBAs 
Sample k/SBET Qmax/SBET   SBPA 
% 
diff* 
SBPA of AW  
SBA/SBPA  
of WW SBA** 
Rank*** 
DR+K2CO3/750-A 0.24 0.34   1780.0 4 1.9 
 
DR+K2CO3/900-A 0.19 0.36 
 
2034.3 -3 2.6  
DR+KOH/750-A 0.24 0.35   1582.2 2 2.3 
 
DM+K2CO3/750-A 0.16 0.31 
 
1294.5 12 2.1 1 
DM+KOH/750-A 0.15 0.27 
 
863.0 22 2.0 3 
DM+K3PO4·H2O/900-A 0.15 0.25 
 
360.5 30 1.7 6 
DM+H3PO4/900-A 0.08 0.24 
 
452.1 33 3.3 5 
DM+FeCl3/900-A 0.23 0.32 
 
694.6 9 1.5 4 
DM+ZnCl2/600-A 0.11 0.32 
 
949.3 8 NA 2 
DM+CaCl2/750-A 0.07 0.29 
 
299.8 18 1.7 8 
DM+MgCl2/750-A 0.11 0.21 
 
327.3 40 1.6 7 
DM+KCl/900-A 0.10 0.24 
 
258.9 32 1.2 9 
DM+HNO3/900-A 0.06 0.23   135.0 35 1.4 
10 
F400 0.21 0.34   1139.2 2 
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Table 7-17 BPA SA of best WW SBAs for BPA adsorption 
 
**based on the production at the same temperature; ***consider based on SBPA of DMAD SBAs only  
 
From Table 7-16 and 7-17, a higher SBPA of AW SBA compared to WW SBA could arrive 
from the removal of inorganic content such as Ca and K whilst increasing the hydrophobic 
surface property. Thus, this resulted in a higher SA, which was more suitable for BPA 
adsorption. The SBPA ratio between AW SBA and WW SBA seem to change in correlation 
with the surface pH of SBAs (see Figure 7-14). This mean that a change in surface pH from 
high basic surface of WW SBAs to closer to neutral of AW SBAs may yield a greater change 
in BPA adsorption and SBPA after acid washing. However, in the case of MgCl2 in Table 7-17, 
the BPA adsorption data of DM+MgCl2/900-A did not give a very good fit to the Langmuir 
model, thus it might create an error in any ratio calculations.  
 
7.6 OPTIMIZATION 
 
To facilitate the removal of a large range of pollutants, the SBAs should have a large BET SA 
with significant micropore and mesopore volume [163]. Thus, the optimum value obtained, 
based on the highest BET SA and/or BPA adsorption capacity, multiplied by SBA yield, were 
calculated.  From Table 7-18, it can be seen that the best BPA adsorption per batch by WW 
SBAs is DM+FeCl3/900-W followed by DM+K2CO3/750-W. The reasons why 
DM+FeCl3/900-W shows the highest BPA adsorption capacity per batch could have been 
caused by the remaining iron compounds, which result in a high yield that also helps in the 
BPA adsorption, as described in section 7.5.2.3.  
 
From the highest BET SA and BPA uptake per batch by AW SBAs in Table 7-19 and 7-20, 
the most efficient chemical reagent to produce SBAs are ZnCl2, K2CO3, FeCl3 and KOH. The 
Sample SBPA 
SBPA of AW SBA/SBPA 
 of WW SBA** 
Rank*** 
DR+K2CO3/750-W 918.7 1.9  
DR+KOH/750-W 694.6 2.3  
DM+K2CO3/750-W 606.0 2.1 1 
DM+KOH/750-W 425.1 2.0 3 
DM+K3PO4·H2O/900-W 214.1 1.7 6 
DM+H3PO4/900-W 138.9 3.3 8 
DM+FeCl3/900-W 459.3 1.5 2 
DM+CaCl2/900-W 204.9 1.3 7 
DM+MgCl2/900-W 235.4 0.9 4 
DM+KCl/900-W 224.2 1.2 5 
DM+HNO3/900-W 99.2 1.4 9 
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Table 7-18 BPA adsorption capacity per batch by best WW SBAs produced from each 
chemical activating reagents  
 *consider based on the DMAD sludge only 
 
Table 7-19 BET SA per batch by best AW SBAs produced from each chemical activating 
reagents 
 
*consider based on the DMAD sludge only 
 
Table 7-20 BPA adsorption capacity per batch by best AW SBAs produced from each 
chemical activating reagents 
 
*consider based on the DMAD sludge only 
  Adsorption capacity per batch    Rank* 
  
Based on k value 
((mg/g)(l/mg)
1/n
) 
Based on Qmax 
(mg/g)   
Based on k value 
((mg/g)(l/mg)
1/n
) 
Based on Qmax 
(mg/g) 
DR+K2CO3/750-W 5649 7710 
   DR+KOH/750-W 3605 4683 
   DM+K2CO3/750-W 3989 6787 
 
2 2 
DM+KOH/750-W 1394 2328 
 
4 8 
DM+K3PO4·H2O/900-W 1902 3286 
 
3 4 
DM+H3PO4/900-W 658 2195 
 
8 9 
DM+FeCl3/900-W 5693 8371 
 
1 1 
DM+CaCl2/900-W 753 3460 
 
6 5 
DM+MgCl2/750-W 1181 4454 
 
5 3 
DM+KCl/900-W 691 3228 
 
7 6 
DM+HNO3/900-W 311 2965 
 
9 7 
 
 
BET SA(m
2
/g) BET SA per batch Rank* 
DR+K2CO3/750-A 1859 27885   
DR+KOH/750-A 1609 27031 
 DM+K2CO3/750-A 1476 33948 2 
DM+KOH/750-A 1106 26765 3 
DM+K3PO4·H2O/900-A 516 13313 7 
DM+H3PO4/900-A 672 17674 5 
DM+FeCl3/750-A 748 25058 4 
DM+ZnCl2/600-A 1036 39368 1 
DM+CaCl2/600-A 418 12373 8 
DM+MgCl2/600-A 554 13739 6 
DM+KCl/600-A 333 10623 10 
DM+HNO3/750-A 251 11345 9 
 
  Adsorption capacity per batch    Rank* 
  
Based on k value 
((mg/g)(l/mg)
1/n
) 
Based on Qmax 
(mg/g) 
 
Based on k value 
((mg/g)(l/mg)
1/n
) 
Based on Qmax 
(mg/g) 
DR+K2CO3/750-A 6634 9375 
   DR+K2CO3/900-A 5000 9429 
   DR+KOH/750-A 6415 9333 
   DM+K2CO3/750-A 5286 10455 
 
2 2 
DM+KOH/750-A 4102 7333 
 
4 4 
DM+K3PO4·H2O/900-A 1965 3266 
 
5 6 
DM+H3PO4/900-A 1469 4175 
 
7 5 
DM+FeCl3/900-A 5437 7585 
 
1 3 
DM+ZnCl2/600-A 4179 12667 
 
3 1 
DM+CaCl2/750-A 784 3010 
 
9 7 
DM+MgCl2/600-A 1474 2918 
 
6 8 
DM+KCl/900-A 1018 2518 
 
8 9 
DM+HNO3/900-A 512 2043 
 
10 10 
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highest BET SA and highest Qmax per batch are obtained from DM+ZnCl2/600-A. This is, 
perhaps unsurprising, given that ZnCl2 has been one of the most widely used methods of 
manufacturing AC by chemical activation. This is because it helps produce high SA and high 
SBA yield under low activation temperatures. Nevertheless, as stated earlier in the 
introduction of this chapter, ZnCl2 is a harmful compound, and can be problematic when 
aiming to use its carbon products in water treatment applications. Thus, in this case, K2CO3 
and FeCl3 are among two of the most interesting chemical reagent for SBAs production, 
which should be more sustainable and thus suitable for used in WWT application. 
 
The optimized BET SA per batch, BPA adsorption by WW and AW per batch prepared from 
DRAW sludge are higher than that prepared form DMAD sludge when using the same 
chemical reagent and activation condition excepted for DR+K2CO3/750-A and 
DM+K2CO3/750-A, which DM+K2CO3/750-A show a higher BET SA and Qmax per batch 
than DR+K2CO3/750-A. Thus, it could be said in general that both of DMAD and DRAW 
sludge could be used as a good precursor for preparing SBAs.   
 
It worth noting that although FeCl3 did not produce a SA and PV as high as K2CO3, KOH or 
ZnCl2, the density of the AC made (based on the observation that much less volume was 
needed when using the same unit weight) seem to be the highest among the SBAs produced 
by other chemical reagent. This observation seem to agree with the study of producing AC 
from rice husk [279]. This work indicated that the rice-husk based carbon produced by FeCl3 
activation gave the highest density of 4.3 g/cm3 compared to the ZnCl2, KCl and CaCl2 
products which had densities of 2.2, 2.5 and 3.8_g/cm3, respectively. Therefore, the higher 
density AC produced by FeCl3  indicates that for the same unit volume, FeCl3 SBA has a 
higher working capacity when compared with the other SBAs that have similar or higher SA. 
Moreover, among the chloride reagents, FeCl3 probably take the priority as a practical choice. 
This is due to its reasonable cost and the additional benefit that if any iron does leach into the 
water from the product, it will not be harmful to health [310]. Also, it may be possible that the 
use of FeCl3 SBA may not need the washing process after the production process. This is 
because FeCl3 is frequently used in WWT as a coagulant to remove phosphate and increase 
primary solid removal. Thus it may be reasonable to add the FeCl3 SBA in the PAC form in 
the primary treatment stage. However, further analysis of the leaching behaviour of the WW 
FeCl3 SBA should be carried on in order to make sure that no other heavy metals leach during 
use. 
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7.7 SUMMARY 
 
Based on a single step chemical activation, the highest SA and micropore volume obtained 
from DMAD sludge (DM+K2CO3/750-A) were 1476_m
2/g and 0.487_ml/g, respectively 
while the highest values obtained from DRAW sludge (DR+K2CO3/900-A) were 1979_m
2/g 
and 1.157_ml/g, respectively, which is the highest surface are ever reported in the literature 
[2].  
 
All but one of the AW SBAs are basic (except DM+H3PO4/450-A) and the range of the pH is 
between 5.2 and 8.2. All WW SBAs also show basic properties but the pH varies over a wider 
range to the AW SBAs,  a factor which is dependent on the chemical reagent used. 
Most of BPA adsorption data showed a good and acceptable fit to Freundlich, Langmuir and 
Temkin models. The highest BPA adsorption capacity of DMAD and DRAW SBAs, based on 
the k value  were 230 and 442 (mg/g)(l/mg)1/n, which were obtained from DM+K2CO3/750-A 
and DR+K2CO3/750-A, respectively. Based on Qmax, DM+K2CO3/750-A and 
DR+K2CO3/900-A show the highest BPA adsorption capacity of 456 and 714 mg/g, 
respectively. Considering the two best BPA adsorption capacity obtained from DRAW 
sludge, the isotherm shape suggest that DR+K2CO3/750-A is best when the residual BPA 
concentration is below 8_mg/g, whilst DR+K2CO3/900-A is better for concentrations above 
8_mg/g.  
 
BPA adsorption on to AW SBAs mainly depend on physical property of the SBAs. A high 
correlation coefficient ≥ 0.9169 were found between BPA adsorption capacity (k, Qmax) and 
the physical properties of AW SBAs (SBET, micropore volume, total PV). Nevertheless, the 
result from BPA adsorption per unit area (k/SBET and Qmax/SBET) imply that surface chemistry 
also influences BPA adsorption. It has been found that iron compounds remaining on SBAs 
could help increase BPA adsorption capacity. This was shown by  WW SBA DM+FeCl3/900-
W where iron oxide could have helped to increase BPA adsorption capacity. Also, the almost 
neutral pH of DM+FeCl3-W may have also helped to increase BPA adsorption.  
  
According to the SBPA ratio between WW and AW SBAs, the SBAs produced from H3PO4, 
K2CO3 and KOH benefitted greatly from acid washing, due to a > 2 fold increase of BPA 
adsorption capacity compared with the WW SBAs. A high correlation coefficient (R) of 
0.9919 between SBET and SBPA of AW DMAD SBAs confirmed that the main factor for BPA 
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adsorption onto SBAs depends on physical properties and hence their physical adsorption 
mechanism. 
 
For AW SBAs, the optimum production points determined, based on the highest BET SA per 
batch of AW SBAs, were obtained from DM+ZnCl2/600-A (1036_m
2/g), DM+K2CO3/750-A 
(1476_m2/g), DM+KOH/750-A (1106_m2/g) and DM+FeCl3/750-A (748_m
2/g). The 
optimum production point determined based on the highest BPA adsorption capacity Qmax 
were obtained from DM+ZnCl2/600-A (333.3_mg/g), DM+K2CO3/750-A (454.6_mg/g), 
DM+FeCl3/900-A (243.9_mg/g) and DM+KOH/750-A (303_mg/g), respectively. Based on k 
these were obtained from DM+FeCl3/900-A, DM+K2CO3/750-A, DM+ZnCl2/600-A and 
DM+KOH/750-A. Among these activating reagents, K2CO3 and FeCl3 are among two of the 
most interesting chemical reagent for SBAs production, which are more sustainable and 
suitable for used in WWT application.  
 
This in-depth study of the application of numerous obscure and novel chemical activating 
agents upon the production of AC from sludge has shown that extremely high SA and 
excellent aqueous-phase adsorption properties can be developed. This result demonstrates that 
sludge presents a reuse opportunity as a resource for AC production.  
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8 GENERAL DISCUSSION  
 
The overall goal of this research work was to convert different municipal sewage sludge types 
into SBAs. Various production methods including carbonization, physical activation (using 
steam) and chemical activation (using various chemical reagents) were used and a new 
application for removing EDC was developed. These overall goals have been achieved.  
 
8.1 INTRODUCTION 
 
Sewage sludge is an unavoidable waste with over 1.4 million and 10 million dry tonnes of 
treated sludge being produced each year in the UK and EU, respectively. Various sludge types 
across the EU were used in this study.   
 
The common sludge disposal routes include: agriculture, incineration or landfill but there are 
increasing problems for these processes due to various EU directives (Urban Wastewater 
Directive 91/27EEC, Sludge directive 86/278/EEC and European Landfill Directive 
1999/31/EC) and also due to the high cost of gas treatment from incineration. Alternative 
thermo-chemical technologies include supercritical water oxidation, hydro-thermal treatment, 
wet oxidation, pyrolysis and gasification.  
 
Pyrolysis (carbonization) and partial gasification were chosen for study in this work with a 
view towards producing SBAs (char and AC from sludge). These two processes offer benefits 
in terms of waste minimisation, an economic point of view (essentially cost-free material and 
profit from selling SBAs) and sustainable development opportunities (using SBAs to remove 
pollutants such as EDCs from wastewater, for energy recovery from oil and gas also for 
carbon sequestration (storage) purposes). 
 
There have been growing concerns in recent decades because of the potential adverse effects 
that could result from exposure to EDCs that have the ability to interfere with the endocrine 
system in wildlife and humans. Therefore, the removal of this group of chemicals from WWT 
has become an area of research priority. Estrone, 17β-estradiol, Estriol, 17α-Ethinylestradiol, 
Octylphenol, Nonylphenol and BPA are receiving most attention because: They were most 
commonly detected in wastewater worldwide; their great endocrine disrupting effect and/or 
the concentrations detected in wastewater.  
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The core aims of this research project was to systematically and comprehensively evaluate 
and establish the most efficient method for the production of SBAs, with carbonization, steam 
activation and various chemical activation methods being investigated. In addition, a new 
application for SBAs was sought. This was applying the SBAs for EDCs adsorption which 
focused on maximising the adsorption of BPA by SBAs and understanding the factors which 
influenced this property. BPA was selected as a test species due to its high solubility among 
the potent EDCs in wastewater, the highest chemical manufacture produced worldwide, its 
mid-range molecular size of the concerned EDCs and its strongest estrogenic potency among 
the potent EDCs.  
     
8.2 CHARACTERIZATION OF SEWAGE SLUDGE WITH SEASONAL 
AND NATIONAL VARIATIONS 
 
Raw (DRAW) and aerobically digested (DSBS) were the sludge that could be expected to 
produce the highest SA and adsorption per gram of SBAs due to their highest carbon content 
(≈40%) and lowest ash content (≈20%), when compared with other sludge. DSBS sludge was 
the most suitable sludge to use as a fuel because it showed the highest calorific value (19386 
kJ/kg). 
 
Seasonal variation had no effect on the nature of volatile matter of both DMAD and DRAW 
sludge but the fixed carbon, volatile matter and ash content ratio were different. The large 
temperature difference between winter and summer appeared to influence the volatile matter 
degradation within the sludge. The higher temperature resulted in lower carbon and higher ash 
content in sludge. The percent deviation of carbon and ash content were ±5.0 and ±3.7 for 
DMAD and ±2.8 and ±9.2 for DRAW sludge, respectively.  
 
All sludge showed thermal decomposition under N2 atmosphere between 160-600°C. The 
thermal degradation behaviour in this region varied depending on the organic and inorganic 
matter content of each sludge type. Different sludge types and treatment methods yielded a 
difference of elemental (CHN), ash content and carbonization decomposition behaviour. 
Nevertheless, the sludge collected from different locations and subjected to the same 
treatment method (DMAD, KAN and GOS) yielded similar carbonization decomposition 
behaviour, CHN and ash content.  
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Heating rate had a minor effect on char yield after the main decomposition peak at 600°C and 
only a slight effect up to 1000°C, when lower heating rate yielded a slightly lower char yield 
than the higher heating rate.  
 
8.3 CARBONIZATION OF SEWAGE SLUDGE 
 
DRAW and DMAD sludge were used for the carbonization studies. The chars produced were 
mainly mesoporous. The highest BET SA of 153 m2/g (micropore volume of 0.03056_ml/g 
and mesopore volume of 0.1357_ml/g) and 150 m2/g (micropore volume of 0.02372_ml/g and 
mesopore volume of 0.0761_ml/g) were obtained from DMAD and DRAW chars, 
respectively, carbonized at 1000°C. Sludge composition which could vary between economic 
catchment areas (different continents) may also have a major influence upon the properties of 
sludge char. The highest SA of chars in this research were similar to the highest SA achieved 
from the EU and USA [167, 196, 198, 199] while the highest SA of chars achieved from 
China, 359 m2/g [165], was much higher.  
 
The sludge chars with maximum BET values also showed the highest BPA adsorption based 
on Qmax (Langmuir) of 40 and 45 mg/g and based on k (Freundlich) of 16 and 
15_(mg/g)(l/mg)1/n for the DMAD and DRAW chars, respectively. These BPA adsorptions 
were comparable to other biomass based chars and some CACs, as shown in Table 1-9. 
 
Results in section 4.3 showed that the influencing factors which mostly affected the sludge 
char properties and BPA adsorption were carbonization temperature > seasonal variation > 
carbonization dwell time > heating rate. The last three factors only exhibited a minor effect 
compared to carbonization temperature. 
 
During carbonization (section 4.3.1), gas production by both sludge types was very similar 
throughout the temperature ranges, which implied that gas was generated due to thermolytic 
decomposition reactions occurring within the heavier, non-digestible carbon components in 
sludge. 
 
BPA adsorption increased with char aromatization, polycondensation development in carbon 
structure (increasing in SA) and with the disappearance of acidic SFGs on both sludge char types. 
However, BPA adsorption was not affected by a drop in the surface pH of DRAW char produced 
above 800°C, due to the removal of nitrogen containing SFGs. This result confirmed that physical 
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properties of sludge char (SA) and the highly hydrophobic nature caused by the removal of 
oxygen containing surface groups play a major role in BPA adsorption.  
 
Both sludge types proved to be a good precursor for char to use for removing BPA in 
wastewater. DMAD sludge gave a 15% higher char yields than the DRAW sludge but the 
lower metal leaching from DRAW char would make it more suitable to use even at a higher 
dose for pollutant removal in wastewater.  
 
8.4 STEAM ACTIVATION OF SEWAGE SLUDGE 
 
DMAD and DRAW sludge were the main focus of study for conversion into SASAs. The 
sludge were carbonized and activated between 719°C-931°C with activation dwell times of 3-
117 min and a water flow rate of 0.7_ml/min. The experimental conditions were designed 
using RSM by CCD method, as described in section 3.3.2.1.  
 
RSM has been shown to be a useful tool for identifying optimal production conditions for 
processing carbon feedstock. Both activation temperature and time had a major influence on 
responses. The highest BET SA obtained from SAMS and SARS responses are 166.7_m2/g 
and 270.6_m2/g, respectively. The SARS BET value is the highest SA to be reported in the 
literature [2].  
 
Anaerobically digested sludge (without lime addition) including KAN, DMAD and GOS 
yielded similar SA, carbon and mineral content after steam activation, irrespective of source 
and treatment method of these sludge. The only significant difference between the 
anaerobically digested sludge was the relative amount of mineral within the ash component, 
which made only a slight contribution to SASA properties. This result implies that anaerobic 
digestion removed the same components from the carbonaceous content of the sludge. 
Accordingly, for true optimization, a unique RSM model is required for each sludge type and 
source. However, the same optimum condition could apply to produce similar physical and 
chemical characteristic SASAs from sludge with the same treatment method.  
 
All sludges were shown to be good precursors for SASA feedstock except KAW. Based on 
the optimization point, the highest BET SA of DRAW and/or DMAD sludge in section 
5.2.3.2, DRAW, DSBS, DMAD, KAN and GOS were the best sludge for producing the 
highest BET SA. DSBS, DMAD, GOS, KAN and DRAW sludge were the best sludge for 
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producing highest BET SA per batch. SA and PV of the SBAs are mainly dependent on the 
original sludge carbonaceous content (more carbonaceous content means a higher PV and 
SA). This was seen for DRAW and DSBS derived SBAs which yielded a higher PV and SA 
than the SBAs prepared from anaerobically digested (DMAD, KAN and GOS) sludge.  
 
BPA adsorption equilibrium on SASAs were 77-80% completed within 24 hours. However, 
full equilibrium for BPA adsorption took over 168_hours. BPA adsorption by SASAs mainly 
fitted well with Freundlich and/or Temkin model equations. There was a good correlation 
with the BPA adsorptions by SASAs and the total PV, which showed a positive R > 0.9273. 
Both of these results imply that BPA adsorption onto SASAs were by multilayer adsorption.  
 
The highest BPA adsorption obtained from SAMS and SARS were 55.1_mg/g and 87.2_mg/g 
based on Qmax (Langmuir) also 28.1_(mg/g)(l/mg)
1/n and 51.6_(mg/g)(l/mg)1/n based k 
(Freundlich), respectively. BPA adsorptions by SASAs were much greater than DMAD and 
DRAW chars and other carbonized biomass [138, 139]. According to the metal leaching test 
data (section 5.3.5), the dosage of SAMS and SARS should be limited to less than 2 g/l and 3 
g/l, respectively. Although the BPA adsorption by SASAs were lower than CACs, which 
included Pulsorb Pax, Hydrodarco C and Filtrasorb 400, the highest BPA adsorption was 
obtained from Filtrasorb 400, at 400_mg/g based on Qmax. BPA adsorption per unit area by 
SASAs, Pulsorb Pax and Filtrasorb 400 were all better than Hydrodarco C. It was concluded 
that the reason for this result was due to a low PV above 5_nm and almost neutral pH of these 
adsorbents compared with Hydrodarco C.  
 
The optimization of SASA production and their response results are reported in Table 5-21. 
For sale and general application, the optimum point based on the highest SA per batch for 
SAMS and SARS were at 823°C/63_min and 802°C/73_min, respectively. For EDCs 
adsorption application, the optimum point based on highest BPA adsorption per batch for 
SAMS and SARS were at 906°C/96_min and 866°C/90_min, respectively. Accordingly, 
optimized SAMS were found to give a slightly better BET and BPA adsorption per batch 
compared to SARS. This implies that the conversion of sludge into SAMS might be more 
economic than SARS.  
 
According to the BET SA per batch of the various sludge types mentioned earlier, together 
with the heating value in Table 4-1 and the strong relationship between BPA adsorption and 
PV of SAMS and SARS, this suggested that a high BPA adsorption could be expected for the 
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DSBS SASA. Thus, it could be suggested that DSBS sludge, which produced high SA, high 
yield and high energy value, is the most suitable sludge to convert into SBAs for general 
application and EDCs adsorption.  
 
Based on the economic evaluation of the AC production by steam activation as reported in 
“Reduction, Modification and Valorisation of sludge REMOVALs” in Chapter 10 [311], the 
production of SASA may generate a simple profit of €867 for every tonne of SASA produced, 
which is equivalent to 3.16 tonnes of dry sludge and 15.8 tonnes of wet sludge treated. This is 
based on the assumption of 20% dried matter from wet original sludge (same as DRAW 
sludge). The unit processes 30 tonnes of wet sludge a day, the investment/capital costs refers 
to all those associated with the purchase plant including dryer, activation furnace, pyrolyser 
etc. and the depreciation (life time of equipment) is assumed to be 15 years (although the 
realistic life time of the depreciation for major plants are 25 years). The use of the higher 
volatile content sludge and a shorter depreciation cost could strengthen the economic case of 
the SASA production. The cost of SASA production compared to other available sludge 
treatment options are summarized in Table 8-1 [229, 311]. This shows that by a cost-only 
basis the conversion of sludge to SASA could create the net profit a €274 by selling the 
product. Also, it could create net profit of €414-604, €299-424 and €314 when compare to 
incineration, agricultural applications and landfill, respectively.  
 
Table 8-1 Cost of sludge treatment options 
 
 
8.5 POTASSIUM CARBONATE ACTIVATION OF SEWAGE SLUDGE 
 
DMAD sludge was used as the main sludge for this study. K2CO3 activation by a single step 
process was proven to be another efficient method for SBA production, as it was also shown 
to be one of the most successful activating reagents for converting waste bean-curd, 
newspapers and other biomasses into AC [246-248]. The impregnated sludge were carbonized 
and activated between 600°C-900°C with activation dwell times of 20-220 min and 
impregnated ratio of reagent to sludge of 0.5-3.5. The experimental conditions were designed 
by using RSM by BBD method, as described in section 3.3.2.2. 
 
Sludge treatment methods Costs per tonne of dry solids (€) 
Incineration 140-330 
Agricultural applications 25-150 
Landfill 40+ 
AC (Steam activation) -274 
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An increasing of activation temperature and impregnation ratio were the major parameters 
that resulted in a reduction of the SBA yield (based on the result of the AW SBA yield). 
Conversely, the highest BET SA, micropore SA and total PV were found to be optimized in 
an intermediate range of temperature and impregnation ratio and at the lowest range of 
activation time between 786.6-851.8°C, 2.1-2.3%wt and 20_min, respectively. A summary of 
predicted response at optimum conditions were given in Table 5-45. The highest BET SA 
obtained from AW DMAD SBAs is 1698.5_m2/g. This highest SA is still lower than the 
highest SA obtained from KOH activation in the literature reported by Lillo-Ródenas et al. 
[221], which show the SA of 1882_m2/g. The reason why K2CO3 could not produce the 
highest SA obtained from sludge tend to arrive from the difference in these two sludge 
compositions. The sludge which produce the highest BET SA in the literature was a synthetic 
wastewater biological sludge, which contain no Si and low Fe. In contrast, Si and Fe are the 
major inorganic species in DMAD sludge used in this research [154]. 
 
BPA adsorption kinetics by WW and AW K2CO3 SBAs showed a faster equilibrium than the 
SASAs (Chapter 5). This behaviour could indicate that the K2CO3 activation developed easier 
accessible pores than by steam activation.  
 
BPA adsorption by AW SBAs were mainly dependent on BET SA based upon their positive 
R > 0.9445. Their surface chemistry also showed a minor influence, according to the per unit 
area BPA adsorption of K16A and K16W, as discussed in section 6.3.2.3. Removal of 
carbonate and phosphate (reduce hydrophilic nature) from AW SBAs and its almost neutral 
pH (≈5.6-8.2)  could also aid the removal of BPA. 
 
The highest BPA adsorption by WW and AW K2CO3 SBAs are found to be comparable to 
CACs tested in Chapter 5. The maximum BPA adsorption of 580.4_mg/g by AW SBA 
(812.7°C/20min/2.4%wt) was found to be nearly 30% greater than Filtrasorb_400 
(1162_m2/g). 
 
Both WW and AW SBAs are suitable to use in WWT. Their inorganic leaching was lower 
than sludge chars and SASA. Nevertheless, it should be noted that care would be required 
when using WW SBAs (pH ≈ 8.2-10.2) in landfill leachate and/or wastewater, which have a 
high or slightly acidic condition. If further research in this point proves to be safe, the 
conversion of sludge into AC by K2CO3 and using water washing method might be more 
economic than using the acid washing. 
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The optimum production point for both high BET SA and BPA adsorption per batch is at 
756°C/99min/1.47%wt. It worth noting that due to the soft texture of WW and AW K2CO3 
SBAs, the adsorbents would be most suitable to use in a powdered form. 
 
8.6 AN EXPLORATION OF VARIOUS CHEMICAL ACTIVATION 
SYSTEMS FOR SEWAGE SLUDGE 
 
DMAD sludge was activated using either K2CO3, KOH, FeCl3, ZnCl2, K3PO4·H2O, H3PO4, 
MgCl2, CaCl2, KCl or HNO3 with  impregnation ratios of 1:1 %wt., an activation time of 1 
hour and activation temperatures between 450 and 900°C. The most effective agents to 
produce SBAs, based upon their developed SA and BPA adsorption capacity were shown to 
be K2CO3, KOH, FeCl3 and ZnCl2. DRAW sludge was also used for K2CO3 and KOH 
activation and gave a higher BET surface and BPA adsorption capacity than DMAD SBAs.  
 
The highest BET SA obtained from AW DMAD SBAs were DM+K2CO3/750-A 
(1476_m2/g), DM+KOH/750-A (1106_m2/g), DM+ZnCl2/600-A (1036_m
2/g), 
DM+FeCl3/900-A (761_m
2/g) and DM+H3PO4/900-A (672_m
2/g), respectively. For DRAW 
SBAs, the highest BET SA derived from K2CO3 and KOH activation were obtained from 
DR+K2CO3/900-A (1979_m
2/g) and DR+KOH/750-A (1609_m2/g). The SA shown by these 
SBAs are comparable to Filtrasorb 400 while DM+K2CO3/750-A, DR+K2CO3/900-A and 
DR+KOH/750-A are higher than Filtrasorb 400.  
 
As described earlier, H3PO4 activation was shown to be a useful method to convert sludge 
into SBAs, but a high temperature (900°C) was required to obtain a high SA. XRD results of 
DM+H3PO4/900-A ash and DM+H3PO4/750-A ash showed a similar inorganic content, 
including silicon compounds and potassium aluminium silicate. A very dense structure of 
DM+H3PO4/750 compared to DM+H3PO4/900 was also observed after carbonization and 
activation. The FTIR result of DM+H3PO4/750 and DM+H3PO4/900 showed the presence of 
similar phosphate compounds (Appendix VII, Figure 12-31). However, acid washing removed 
these phosphate compounds from DM+H3PO4/900-A but not from DM+H3PO4/750-A. This 
indicated that the low SA presented by DM+H3/PO4/(450,600,750)-A could derive from the 
formation of a dense phosphate structure, which was hardly dissolved in acid. The optimum 
activation temperature (900°C) was greater than  optimum temperature for other raw 
materials, which  were usually 400-500°C [270]. This could also explain why H3PO4 SBAs 
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produced by other researchers showed low SAs compared to other chemical activation 
methods [2, 179, 312].   
 
Comparing the different yields between physical (Chapter 5) and chemical activation (Chapter 
7), it was seen that only FeCl3, CaCl2 and MgCl2 gave higher SBA yield after water washing 
over  steam activation. Although H3PO4 seemed to give a higher SBA yield after water and 
acid washing over steam activation, this rise in yield was considered to be due to the insoluble 
inorganic fraction that formed. Thus, it could be concluded that not all the chemical activation 
methods produced SBA yields greater than physical activation method, even though most of 
the chemical activation reactions are minimizing the volatile losses and increasing the carbon 
yield. Overall, the core factor influencing SBA yield was the carbon content in the feedstock. 
Sludge contains a low organic and high inorganic content compared with other AC raw 
material such as biomass material, coal and lignin etc. 
 
The TG-MS results suggested that K2CO3 produced higher SA SBAs compared with KOH 
due to several reasons, which could be mainly influence from reaction 7-12, 7-21, 7-32, 7-34 
and 7-31 in early stage between 150-300°C and above 600°C. In the case of KOH, the high K 
intercalation, together with oxidation at an early stage of impregnation might be too 
aggressive for the sludge texture, which is softer than coal and wood biomass. Thus, an 
expansion of the lamella due to oxidation might be too aggressive and result in too much pore 
widening. The H2S and SO2 released from DM+KOH were lower than just from DMAD 
sludge during carbonization and activation. This result suggested that KOH may act as a 
sulphur absorber, which possibly remains on SBAs as K2SO4, KHS and K2S [292, 293]. 
Nevertheless, these compounds were not detected from FTIR or XRD results. Further 
research including EDX, ICP-AES analysis and/or addition of sulfur to sludge prior 
impregnation step are required to clarify this assumption. It has been known that addition of 
K2CO3 and KOH in biomass pyrolysis can retard tar formation [287, 288]. However, the TG-
MS analysis of the carbonization and activation of K2CO3 impregnated sludge in this work 
gave an unexpected result. It was noted that K2CO3 appears to only influence the early stage 
of tar formation but does not have a major influence upon the amount of tar formed, as 
discussed in section 7.4.2. 
 
All of the best WW and AW SBAs obtained from each chemical reagents show “type L” or 
“type H” isotherm with the sub-group 2c, except DM+FeCl3/900-W, DM+FeCl3/900-A and 
F400, which indicated the same type of isotherm but within the sub-group 2. This difference 
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indicates that the FeCl3 SBAs and F400 contain more accessible micropores compared to 
other SBAs. Among the chemical reagents, K2CO3, KOH, FeCl3 and ZnCl2 activation were 
found to be the most effective for producing high BPA-adsorption capacity SBAs. The best 
BPA adsorbing SBA from each chemical reagent showed a good fit to each isotherm model 
(Freundlich, Langmuir and Temkin). Based on WW DMAD SBAs, the highest BPA 
adsorption capacity (based on Qmax, mg/g and k, (mg/g)(l/mg)
1/n) were obtained from 
DM+K2CO3/750-W (212.8, 125.1), DM+FeCl3/900-W (161.3, 109.7) and DM+KOH/750-W 
(149.3, 89.4), respectively. Based on AW DMAD SBAs, the highest BPA adsorption capacity 
based on Qmax were obtained from DM+K2CO3/750-A (454.6), DM+ZnCl2/600-A (333.3), 
DM+KOH/750-A (303.0) and DM+FeCl3/900-A (243.9), respectively while based on k are 
obtained from DM+K2CO3/750-A (229.8), DM+FeCl3/900-A (174.8), DM+KOH/750-A 
(169.5) and DM+ZnCl2/600-A (110), respectively. The highest BPA adsorption capacity 
obtained in this research chapter were obtained from DR+K2CO3/900-A and DR+K2CO3/750-
A, which showed the value of 714 mg/g based on Qmax and 442 (mg/g)(l/mg)
1/n, based on k, 
respectively. The result of these two set of BPA adsorption data also suggested that 
DR+K2CO3/750 was better suited for adsorbing low residual concentration (<8 mg/l) where as 
the opposite is true for DR+K2CO3/900. From these results, it can be concluded that both WW 
and AW SBAs prepared by these four reagents are well suited for BPA adsorption. They were 
comparable with the CACs, with some even showing greater adsorption capability. 
  
A high R ≥ 0.9169 was found between BPA adsorption capacity (k, Qmax) of AW SBAs and 
their physical properties (SBET, micropore volume, total PV), confirming that physical 
adsorption mechanisms dominate. The result from BPA adsorption per unit area (k/SBET and 
Qmax/SBET) showed that surface chemistry also influenced the BPA adsorption by SBAs. The 
highest BPA adsorption per unit area (show by DM+FeCl3/900-A) indicated that iron 
compounds remaining on SBAs such as iron chloride, iron oxide and iron silicate could 
increase BPA adsorption capacity. This result agrees well with research which found that iron 
showed a positive influence upon BPA adsorption onto natural surfaces and surficial 
sediments [308, 309]. Additionally, in the case of WW SBAs, the almost neutral pH exhibited 
by DM+FeCl3/900-W (compared with DM+K2CO3/750-W) could also contribute to the 
observed increase in BPA adsorption. Despite these observations, the physical properties of 
the SBAs still seem to be more significant for BPA uptake than surface chemistry.   
 
The most economical reagent and production condition for preparing SBAs were calculated 
based on generating a high BET SA or BPA adsorption capacity per batch. The highest BET 
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SA per batch of AW SBAs were obtained from DM+ZnCl2/600-A, DM+K2CO3/750-A, 
DM+KOH/750-A and DM+FeCl3/750-A, respectively. The highest BPA adsorption (Qmax) 
per batch of AW SBAs were obtained from DM+ZnCl2/600-A, DM+K2CO3/750-A, 
DM+FeCl3/900-A and DM+KOH/750-A, respectively. Using k, the best BPA uptake was 
obtained from DM+FeCl3/900-A, DM+K2CO3/750-A, DM+ZnCl2/600-A and DM+KOH/750-
A, respectively. The optimum production point for BPA adsorption per batch of WW SBAs 
are obtained from DM+FeCl3/900-W and DM+K2CO3/750-W, respectively. Thus, K2CO3 and 
FeCl3 are clearly  the most interesting chemical reagents for SBA production. Their low 
toxicity and corrosive properties (compared to KOH and ZnCl2) mean they are more 
sustainable and suitable for used in WWT application. 
 
Only the SBAs produced from H3PO4, K2CO3 and KOH benefited from acid washing due to a 
great improvement (> 2 fold) in the BPA adsorption capacity compared to the WW SBAs. 
With reference to the optimized production conditions, it suggests that K2CO3 activated SBAs 
could benefit from washing by either water or acid, while FeCl3 only benefits from water 
washing.  
 
Despite the fact that FeCl3 activation did not produce SA and PV as high as K2CO3, KOH and 
ZnCl2 activation, the density of the AC produced by FeCl3 was the highest among the SBAs. 
Other workers have observed this trend. Rice-husk based carbon produced with FeCl3 
activation give a density of 4.3 g/cm3 compare to ZnCl2 (2.2 g/cm
3), KCl (2.5_g/cm3) and 
CaCl3 (3.8_g/cm
3) [279]. Therefore this indicates that for the same unit volume, FeCl3 SBA 
has a higher working ability when compared with the other chemically impregnated sludge 
that has similar or lower SA. Moreover, among the chloride reagents, FeCl3 probably take the 
priority as a practical choice. This is due to it is reasonable in cost and also the additional 
benefit that if any iron does get into the water, it will not be harmful to the health. Also, it 
may be possible that the use of FeCl3 SBA may not require the washing process after the 
production process because FeCl3 is used in WWT as a coagulant to remove phosphate. Thus, 
the use of the FeCl3 SBA in the PAC form in the primary treatment stage may minimise the 
need for further FeCl3 addition due to possible leaching from the PAC thus, making FeCl3 
SBA dual purpose and more economical. However, this would require confirmation and 
leaching testing of the FeCl3 SBA in order to confirm that no other heavy metals leach during 
use. 
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It was not possible to leach test the SBAs produced from chemical activation due to 
equipment failure. However, there were literature reports on leach testing of SBAs produced 
by chemical activation methods. For example, the leaching values of SBA produced by ZnCl2 
activation applied at a dosage up to 10_g/l, found that all of the concerning heavy metal such 
as Cr, Cd, Cu and Pb (except Zn) were found to be within the acceptable range of most 
industrial effluent discharges,. Also, except for Zn and Ni, all of the concerning heavy metal 
were even below the WHO 1992 drinking water standard whilst  the Zn leaching was 
attributed to an inadequate HCl washing process [182]. In this study, higher concentrations of 
HCl and ratios of acid to carbon (100ml/5g unwashed SBA) were applied during the washing 
process, to maximise the removal of the remaining Zinc compounds. It is important to note 
that the other chemical reagents used in this study were not as dangerous to environment as 
ZnCl2. Further, they and their by-product compounds were mostly removable by water and 
acid, while any remaining metals, such as Fe in WW FeCl3 SBAs, could also help create 
catalytic activity [43, 154]. 
 
8.7 CONTRIBUTION TO KNOWLEDGE 
 
Carbonization, steam activation and chemical activation were found to be effective methods 
to produce SBAs for BPA adsorption, which is a new application for the SBA. Among the 
most effective reagents (K2CO3, KOH, FeCl3 and ZnCl2), K2CO3 and FeCl3 are the new and 
powerful reagents to produce high performance SBAs. Also, they are more sustainable 
reagents than KOH and ZnCl2. Although carbonization and steam activation could not 
produce high performance SBAs compared to chemical activation, their SBA performance is 
sufficient for removal BPA in WWT stream (see section 1.4.3.5). Nevertheless, the real test in 
WWTP should be carried out to confirm this assumption. BPA adsorption onto SBA generally 
depends on physical property of SBA but surface chemistry also play a role in adsorption. 
Seasonal effects upon the sludge composition were found to have minimal effects upon the 
quality of the SBAs produced, which is a further important and previously unreported aspect 
of the utilisation of sewage sludge as a feedstock for adsorbent production.  
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9 CONCLUSIONS 
 
I. Sewage sludge is an unavoidable waste, which has to be managed in a safe and 
effective manner. Pyrolysis and combined partial gasification (carbonization, chemical 
activation and physical activation) was shown to be one very attractive and powerful 
method to solve this problem with a view toward the valorization of sludge by 
producing high performance SBAs. The first evaluation of this type of material onto 
BPA adsorption was found to be very successful.  
 
II. All of the various sludge types collected throughout the EU (excluding anaerobically 
digested sludge with lime addition) are suitable raw materials for SBA production. 
Each sludge type and treatment method exhibited varying carbonization behaviour, 
CHN and ash content. Nevertheless, sludge collected from different locations and 
subjected to the same treatment method (such as DMAD, KAN and GOS) yielded 
similar CHN, volatile matter and ash content as well as carbonization behaviour.  
 
III. DRAW and DSBS sludge were very suitable to convert into SBAs when considered in 
terms of their SA per gram of SBA produced. In contrast, anaerobically digested 
sludge (DMAD, KAN and GOS) and DSBS sludge were also good SBA precursors 
when considered in terms of their SA produced per batch. DRAW and DSBS SBAs 
could be applied to a real wastewater stream in a higher quantity compared to the other 
sludge type SBAs due to their low inorganic content compared to the others. DSBS 
was the most suitable sludge for fuel conversion. 
 
IV. Temperature was the most significant factor influencing during carbonization while 
seasonal variation, dwell time and heating rate only create minor influence to sludge 
char properties. Both DMAD and DRAW sludge chars were mainly mesoporous 
materials. The highest BET SA obtained from DMAD and DRAW chars were 
equivalent  to the values reported by others of EU and USA municipal sludge chars 
but different from Chinese sludge char. This shows that the difference in sludge 
composition varied in each economic catchment area (different continent) could also 
create a major influence in the properties of sludge char. Although, BPA adsorption 
capacity shown by sludge char was not as good as steam and chemical activation, the 
BPA adsorption onto sludge chars were comparable to biomass chars (see Table 1-9) 
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with possible enough adsorption capacity to remove the BPA in wastewater stream. 
The real trial test of sludge chars in wastewater stream will help to confirm this.  
 
V. Single-step steam activation method was shown to be successful activation methods 
for producing high SA SBA comparable to CO2 activation method and other two-step 
steam activation methods provided by most of the research journals [311]. It is also 
confirmed that single step steam activation worked well at high activation temperature 
above 550°C, which was previously used by Kojima et al. [170]. According to the 
RSM, the highest SA of 270_m2/g and BPA adsorption of 87.2_mg/g (Qmax) could be 
obtained from unwashed SARS. By considering yield of SASA, the economical 
optimization point for a one-step process, to obtain the highest BET SA and BPA 
adsorption per batch were at 823°C/63 min and 866°C/96 min for SAMS also at 
802°C/73_min and 866°C/90_min for SARS, respectively. A unique RSM model for 
steam and chemical activation are required for each sludge type and source in order to 
achieve a true optimisation. Nevertheless, the same optimum condition could apply to 
produce similar physical and chemical characteristic SBAs from sludge with the same 
treatment method as shown by the result of KAN, GOS and DMAD SASAs. 
 
VI. K2CO3, KOH, ZnCl2, FeCl3 and H3PO4 are prove to be effective agents for producing 
SBAs that have BET SAs of over 672_m2/g (based on AW DMAD SBA results). 
Among these reagents, K2CO3 is the best chemical reagent in terms of producing 
SBAs with the highest BET SA and BPA adsorption capacity (based on both Qmax and 
k value) per gram of both WW and AW SBA. This agrees well with previously used 
of this reagent on waste bean curd and biomass wastes. ZnCl2 was shown to be the 
best reagent in terms of producing SBAs with the highest BET SA and BPA 
adsorption capacity (based on Qmax) per batch of AW SBAs. In the case of WW SBAs, 
FeCl3 was the best reagent to produce the highest BPA adsorption capacity per batch, 
which was superior to those produced from K2CO3 activation of DRAW sludge 
(DR+K2CO3/750-A). This result suggests that new activation reagent K2CO3 and 
FeCl3 are the most interesting chemical reagents for SBAs production, which, coupled 
with their low toxicity and corrosive properties demonstrate a strong suitability for 
producing SBAs for use in WWT application. Thus, based on the results obtained 
from DMAD sludge in Chapter 7, DM+FeCl3/900-W could be the most economic and 
sustainable SBA to be produced and used in WWT treatment application. 
DM+K2CO3/750-A could be the most suitable to be produced for high SA SBA. In 
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this chapter, the highest BET SA, BPA adsorption capacity based on Qmax were 
obtained from DR+K2CO3/900-A, which were 1979_m
2/g and 714_mg/g, 
respectively. According to the RSM result in Chapter 6, the AW K2CO3 SBA prepared 
by activation of DMAD sludge gave the highest BET SA and BPA adsorption of 
1698.5_m2/g and 580.4_mg/g, respectively. The economic optimisation based on the 
highest BET SA and BPA adsorption capacity per batch is at 756°C/99_min/1:1.47_% 
by dry weight. 
 
VII. BPA adsorption capacity of SBAs produced by carbonization, steam activation and 
chemical activation are strongly dependent upon the physical properties of SBAs. This 
was a high R value was found between BPA adsorption capacity (k, Qmax) and the 
physical properties of AW SBAs (SBET, micropore volume, total PV). Surface 
chemistry is also important. Iron compounds remaining on SBAs (iron chloride, iron 
oxide and iron silicate), surface pH of SBA close to BPA solution (close to neutral), 
removal of inorganic content (such as Ca & K), removal of oxygen containing surface 
groups (carboxyl, carbonyl and carboxylate) were also factors with a positive role in 
enhancing BPA adsorption. 
 
VIII. BPA adsorption data onto SBAs generally give an acceptable fit to Langmuir, 
Freundlich and Temkin adsorption model. However, the best fit model for each set of 
BPA adsorption data onto SBA vary depending on carbonization temperature, 
activation temperature, activation time, type of reagent and post treatment of SBA 
whether acid or water washing. 
 
IX. Leaching test results obtained in this research, by co-worker groups and other 
researchers generally show that SBAs produced from carbonization, steam activation 
and chemical activation have low leaching potential and are suitable for use for 
removing pollutant in wastewater. Nonetheless, the limit dosage of each SBA should 
be accessed and tried with wastewater samples and leachate collected from WWTP 
and landfill, respectively and also in pilot plant before using it in a real WWT system 
and landfill.  
 
X. SA and BPA adsorption capacity obtained by sludge chars and SASAs were found to 
be lower than CACs including Hydrodarco C, Pulsorb Pax and Filtrasorb 400. 
Nevertheless, their BPA adsorption capacity could be high enough to remove the BPA 
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from wastewater stream. Applying these SBA in real WWT will confirm this. Some of 
WW and/or AW SBAs produced by efficient chemical activation methods are found to 
be comparable or even better than these CACs. Thus, the results from this research 
show that overall goal of this research has been achieved. SBAs are shown to be an 
alternative low cost adsorbent for a new application in BPA removal and other EDCs 
removal in wastewater and landfill leachate.  
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10 FUTURE WORK 
 
 High energy consumption is required for sludge drying, the use of alternative drying 
methods such as solar or heat recovery from a pyrolysis/gasifier system would be a 
good alternative method for sludge drying prior to SBA production. The use of solar 
radiation for sludge drying has been proven to be successful, as shown in literature 
research by Luboschik 2008 and Lyes 2012 [313-315].This could make the evaluation 
of sludge treatment by thermochemical method become more sustainable. 
 
 A detailed analysis of the partial gasification reactions which occur at each 
temperature range is required. By studying both carbonization and gasification and the 
gas production and the gas composition at different temperatures whilst also, 
determining  the inorganic species remaining in each SBA produced under different 
activation conditions by using acid digestion and ICP-AES analysis, prediction of the 
gasification reactions that predominant in each activation temperature could be made. 
This will help develop a fundamental understanding of the reaction mechanisms of 
physical activation to sludge and the potential for energy recovery from syn gases 
made during gasification.  By maximising CH4 and other light fraction production, 
thus this would give a better understanding of the catalytic activity of the ash on the 
sludge carbonization and gasification processes. 
 
 In the study of chemical activation of the K2CO3 and KOH, the use of different inert 
gases such as argon could help to prevent KCN formation. Further, the use of argon 
gas may also be beneficial to help develop a better understanding of other reactions 
during activation. 
 
 Even though TG-MS and FTIR results are useful for reaction prediction, the 
application of X-ray photoelectron spectroscopy (XPS) and Energy dispersive X-ray 
spectroscopy (EDX) to study unwashed SBAs after K2CO3 and KOH activation should 
be performed in order to better understand the reaction products between inorganic 
compounds in sludge and the reagents. Most of the reactions that have been proposed 
by other researchers have been based on biomass or coal studies, which contain very 
low ash content compared to sludge. Through developing an understanding of the 
reaction between these two reagents and the inorganic components in sludge, this 
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would help explain the  high SA (480_m2/g [221]) which is created by the inorganic 
content in SBA.  
 
 Other chemical activation agents which could be studied include Fe2(CO3)3 and 
Fe(NO3)3. The melting point of Fe(NO3)3 is quite low (decomposition occurs at 
125°C) and it is also very soluble in water. Thus, sludge and reagent could easily bond 
and react. Also, it is hygroscopic, which implies that it may be good as a dehydrating 
reagent, which could help increase product yield. Production of AC from Northern 
Ireland lignite impregnated with Fe(NO3)3 has been shown to be feasible, with a SA of 
519_m2/g and adsorption of sodium benzoate, 2,4-dichlorophenol and 2, 4, 6-
trichlorophenol at levels comparable with  carbon produced by ZnCl2 activation [316]. 
Fe2(CO3)3 is a new chemical reagent that has never been used for AC production with 
no reference to this application identified in the literature. The low flash point at 
169.8°C and boiling point at 336°C may possibly help utilising much lower activation 
temperatures and this reagent could be more environmental friendly than FeCl3, 
Fe(NO3)3 and Fe2(SO4)3.  
 
 There are elevated levels of sulfur present in sludge. The work reported here on KOH 
and K2CO3 activation has shown that the mechanisms of activation could reduce the 
amount of gaseous sulfur compounds released. The mechanism of sulfur absorption is 
not fully understood. It has been postulated that it could be absorbed directly by KOH, 
K2O or K2CO3 or the inorganic components in sludge might act as a catalyst during 
the absorption process. These need investigation. A new method of sulfur waste-
sludge management may arise. 
 
 FeCl3 should be investigated to see if this additive could also reduce the H2S and SO2 
formation. This could be undertaken using TG-MS analysis of FeCl3 impregnated 
sludge as was undertaken for K2CO3 or KOH. It has been noted that Fe loaded on 
porous material could has uses as a catalyst for the removal of sulfur compounds 
[317]. Thus, if it can offer dual benefits FeCl3 would be more attractive to use as an 
activating reagent. The only possible drawback which must be considered and 
investigated is the potential formation of HCl during activation, which is well-known 
for ZnCl2 activation. This would require investigation because of the risk to the 
production plant due to corrosion caused by hot HCl vapours. 
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 Further study of low ratios of HNO3 solution impregnated into sludge and then 
directly carbonized under a nitrogen atmosphere, rather than drying at 105-110ºC, 
could enhance the use of HNO3 to become a more useful activating reagent for sludge. 
 
 Further application of X-ray photoelectron spectroscopy (XPS) on selected SBAs 
would be helpful to confirm the presence of SFGs that had been suggested in this 
research. SFGs such as ether and phenolic-hydroxyl  in the presence of a high content 
of amorphous silica SFGs would overlap – XPS would help to confirm that either or 
both of these functional groups are present on SBAs. 
 
 It is know that K2CO3 and KOH catalyse gasification reactions. By using either of 
these chemical reagents combined with physical activation by CO2, H2O or reduced 
air, it could be possible to reduce the temperature of activation of SBA with potential 
benefits for energy saving and also yielding a higher SA adsorbent. Even though work 
with KOH impregnated sludge and activation with steam showed quite low SA [318], 
the low SA may have derived from using a low activation temperature of 600°C.  
Normally the optimum temperature for KOH activation is around 700°C and the 
reactive temperature of steam is far higher than 600°C. Research of particular interest 
was carried out by Tsai et al. [278] on corn cob. They showed that K2CO3 or KOH 
combined with CO2 activation at 800°C developed very high SAs.  
 
 It is well recognised that alkaline earth metal oxides such as MgO or CaO combined 
with physical activation process catalyse the CO2 gasification of carbon [319]. These 
reagents could be similarly investigated as catalysts for SBA production. 
 
 The modification of chars and SASA by coating/impregnating with FeCl3 or Fe(NO3)2 
solution could improve the catalytic activity of SBAs. The post-activation 
impregnation might also help to lower the plant maintenance cost compared to the use 
of a chemical activation method whilst imparting properties of interest to the SBAs. 
 Other than BPA, there are still several other EDCs of interest which occur in 
wastewater. Thus, a full study of the adsorption by SBAs of the EDCs both separately 
and competitively is necessary in order to investigate the influence upon adsorption 
behaviour by properties such as molecular size, charge and interaction at surface level. 
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 An in depth study of BPA adsorption mechanism onto SBAs should be carried out by 
considering all parameter including solution pH, ionic strength, oxic and anoxic 
conditions, natural of organic matter and Kow , porosity and SFGs. 
 
 A study where chars and SASA are applied in real wastewater should be undertaken.  
The carbon should be applied just after the primary treatment enabling powdered SBA 
to be used.  This coincides where FeCl3 coagulant addition in WWT process and in 
tertiary treatment process. This study would enable simultaneous analysis of the 
uptake of BPA, other EDCs and mixed chemical pollutants especially phenolic 
compounds, where Fe could act as catalyst for their adsorption onto SBAs in 
wastewater. Also, leaching during their use could be assessed to ascertain that the 
leaching of any inorganic and organic species from SBAs will not be a further burden 
upon WWT processes.   
 
 There are many interesting application for FeCl3 SBAs. Firstly, by using it to adsorb 
sulphurous species such as dimethylsulfide or dimethyldisulfide.  There are literature 
studies which show that AC modified by FeCl3 increased the adsorption capacity of 
dimethylsulfide [320]. Moreover, the use of the FeCl3 SBAs for removing H2S may be 
another great application as iron is considered to be a catalyst for the H2S oxidation 
[198]. Secondly, the used of FeCl3 SBAs to remove arsenic is also an interesting 
application. Pre-treating AC with iron salt solutions help increase the uptake of arsenic 
by 10-fold over the untreated carbon [321]. Also, iron modified carbons increased the 
uptake of Oxyanionic arsenic species  (arsenate  and arsenite), which adsorb at the iron 
oxyhydroxide surface by forming complexes with the surface sites [322]. .  
 
 WW washed SBAs produced from FeCl3, ZnCl2, CaCl2 and MgCl2 activations may 
also suitable to use for phosphate removal in wastewater. Literature has reported that 
the introduction of cations such as iron, zinc, calcium and magnesium into the carbon 
structure have an ability to react with the phosphates in waste effluents and thus fix the 
phosphate in the carbon matrix [310].  
 
 Other than FeCl3 SBAs, CaCl2 SBAs may be suitable for removing H2S, SO2 and other 
sulphur related compounds. It has been found that adsorbents containing Ca and/or Fe 
could improve the uptake of the H2S and SO2 [202, 323]. 
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 WW washed SBAs activated by MgCl2 may suitable to use for the removal of reactive 
dye from wastewater. This is because not only do the SBAs remove the dye but the 
remaining magnesium compounds can also act as a coagulant in the chemical 
precipitation process aiding the removal of the active dye. Literature reports have 
indicated that MgCl2 can be used as a better coagulant for removing active dye in term 
of settling time and the amount of alkalinity required, than the alum and 
polyaluminium chloride, which are more commonly used as coagulants in WWT 
processes. Also, dolomite and bittern that are enriched with magnesium were also 
found to be very effective in the removal of turbidity and colouring matters [324].  
 
 WW washed K2CO3 and KOH SBAs should be evaluated for the adsorption of H2S, 
SO2 and NO2. They have high SAs and PVs and their surface chemistry may be 
advantageous. The work presented by Guo and Lua (2002) showed that WW washed 
AC prepared from oil palm shell by KOH activation indicate a successful adsorption 
of SO2 and NO2 which was better than other chemical activation methods such as 
ZnCl2 and H3PO4 activation. 𝑆𝑂2 + 𝐶𝑎𝐻𝑏𝑂𝑐 → [𝐶𝑎𝐻𝑏𝑂𝑐−1] − 𝑆𝑂3 
 
 There is evidence to suggest that unreacted K2CO3 remaining on unwashed SBAs after 
K2CO3 and KOH activation,  could be useful for CO2 capture. Combining this with the 
highly microporous structure of SBAs after water and acid washing, offeres a possible 
innovative adsorbent. By varying the extent of the water washing to leave  
K2CO3·1.5H2O and/or  K2H4(CO3)3•1.5H2O on the SBA, these compounds are useful 
for CO2 capture. 𝐾2𝐶𝑂3 ∙ 1.5𝐻2𝑂 + 𝐶𝑂2 ↔ 2𝐾𝐻𝐶𝑂3 + 0.5𝐻2𝑂 [305]. 
 
 Sustainable production and resource efficient manufacturing a core needs for the 
future of an industrial society. Evaluating the environmental benefit and detriment on 
the production and application of SBAs produced by physical and chemical activation 
methods must be undertaken. LCA of the different production methods and different 
applications of SBAs must be completed. For example; the production of SBAs by 
steam activation with application for removing EDCs in WWT or the production of 
SBAs by K2CO3 chemical activation for removing EDCs in WWT. These two 
processes should be compared with the production and application of ACs prepared 
from coal. SimaPro life cycle analysis software [325] and/or according to International 
Organization for Standardization 14000 environmental management standards in ISO 
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14040:2006 and 14044:2006 would be suggested methodologies to achieve this 
objective.  
 
 A unified approach for sludge application from an energy perspective is needed. For 
example, the energy usage/consumption in making SBA and applying it as an 
adsorbent for the treatment of wastewater should be carried out. Previous research has 
focussed on comparing fast pyrolysis with anaerobic sludge treatment, gasification, 
and incineration to obtained high energy outputs, low GHG emission, char application 
to land (fertilizer) and landfill cover [326, 327]. Thus a SWOT analysis, LCA and a 
full economic evaluation of the SBAs produced by physical and chemical activation 
methods compared to normal AC production is required. Much of this data is 
commercial-in-confidence so partnership with a commercial supplier would be 
essential to generate accurate data.  
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12 APPENDICES 
 
12.1 APPENDIX I: RSM RESULTS OF 22 CCD FOR STEAM ACTIVATION 
OF SEWAGE SLUDGE IN CHAPTER 5 
 
12.1.1 Calculation of coefficient estimation for fitted model equation 
 
Giving an example on the design and response results from the SBA yield from steam 
activated DRAW sludge. The coded variable, uncoded variable and response results from the 
experiment and the model equation are shown in Table 12-1.  
 
Table 12-1 Code design for steam activation of DRAW sludge and the response SBA yield  
Run 
No 
  
Coded variable Experiment natural value 
 
Response results of SARS yield (%) 
X1 X2 
Temperature (oC), 
U1 
Time (minutes), 
U2 
Experiment result, 
YR1(exp) 
Model result, 
YR1(res) 
1 -1 -1 750 20 30.3 29.9 
2 1 -1 900 20 26.3 26.1 
3 -1 1 750 100 26.0 26.0 
4 1 1 900 100 18.8 19.0 
5 0 0 825 60 25.0 25.0 
6 0 0 825 60 24.8 25.0 
7 2  0 719 60 28.5 28.7 
8 2  0 931 60 21.0 21.0 
9 0 2  825 3 29.2 29.6 
10 0 2  825 117 22.0 21.8 
11 0 0 825 60 25.1 25.0 
12 0 0 825 60 25.1 25.0 
 
After the set of experiment was carried out the SBA yield of DRAW sludge can be obtained. 
The response results of DRAW SBA yield together with the coded variable were fitted to the 
quadratic equation and run by the programme written in Matlab. From this, the response 
graphs and model equation for each response variable can be obtained. The process of its 
calculation is explained as followed; 
 
From the quadratic Equation 3-6 and given Yj= YR1 (the results of SBA yield from the 
experiment carried out); 
 
                     2112
2
222
2
111221101 XXaXaXaXaXaaYY Rj   
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The process of its calculation can be explained as the variables associated with each column 
above that column in the matrix X. Then, y is the results of experiments response following 
the code set from Run No.1-No.12 
 
                                X1           X2                   X12                  X22               X1X2 












































000001
000001
020414.101
020414.101
0020414.11
0020414.11
000001
000001
111111
111111
111111
111111
X  
 
 
𝑦 =
[
 
 
 
 
 
 
 
 
 
 
 
30.3
26.3
26.0
18.8
25.0
24.8
28.5
21.0
29.2
22.0
25.1
25.1]
 
 
 
 
 
 
 
 
 
 
 
 
 
The matrix 𝑋′𝑋 and vector 𝑋′𝑦  are  
 
 
 









































20.3
80.203
40.200
98.21
81.21
10.302
',
400000
0124008
0412008
000800
000080
0880012
' yXXX
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And from 𝑏 = (𝑋′𝑋)−1𝑋′𝑦 obtained  
 
𝑏 =
[
 
 
 
 
 
25.0
−2.7
−2.8
−0.1
0.3
−0.8]
 
 
 
 
 
 
 
where b is vector of least square estimators to fit the model Equation 3-6 
 
Therefore the fitted model for SARS (YR1) is  
 
21
2
2
2
1211 8.03.01.08.27.20.25 XXXXXXYR   
 
The graph of the response of SARS were plotted by each of the fitted model equation by 
varies the code number of X1 and X2, for example if X1 = -0.6 (equivalent to the temperature of 
780oC), X2 =-1.2 (equivalent to the time of 12_min), thus from the fitted model equation of 
YR1, the response YR1 will be 29.8 % as shown below; 
 
8.29
)2.1)(6.0(8.0)2.1(3.0)6.0(1.0)2.1(8.2)6.0(7.20.25 221

RY  
 
The responses of YR1 of the fit model equation where the set of experiments were carried out 
are shown in the last column of Table 12-1. From these results, it can be seen that the value of 
the predicted response from the model compared to the real experimental value are very 
similar with the high R2 of 0.996 was obtained from the programme. Therefore, this implies 
the usability of the model equation in order to predict other SBA yield response results where 
the other activation time and temperature are being used.  
 
12.1.2 Analysis of variance (ANOVA) 
 
The calculations of ANOVA are based on [160, 162, 329] and code written in Matlab 2006a 
and 2011a.  
 
Degree of freedom (DoF) 
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DoF is the number of parameters that are free to vary [330]. 
 
 
𝐷𝑜𝐹 𝑜𝑓 𝑅𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 = 𝑘 = 5 
 
𝐷𝑜𝐹 𝑜𝑓 𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 (𝐸𝑟𝑟𝑜𝑟) = 𝑛 − 𝑘 − 1 = 6 
 
𝐷𝑜𝐹 𝑜𝑓 𝑃𝑢𝑟𝑒 𝑒𝑟𝑟𝑜𝑟 = ∑(𝑛𝑖 − 1) =
𝑚
𝑖=1
𝑞 − 𝑚 = 4 − 1 =  3 
 
𝐷𝑜𝐹 𝑜𝑓 𝑙𝑎𝑐𝑘 𝑜𝑓 𝑓𝑖𝑡 = 𝑛 − 𝑘 − 1 − 𝑞 + 𝑚 = 3 
 
𝐷𝑜𝐹 𝑜𝑓 𝑇𝑜𝑡𝑎𝑙 = 𝑛 − 1 = 11 
 
 
where, 
n is the number of experiment  
k is the number of model parameters not including the intercept (X1, X2, X1 X2, X1
2, X2
2) 
m is the combination of values of variables with repeat observations 
q-m is the total degrees of freedom from pooling across m set of repeated observations, where  
q = n1+n2+….+nm [329]    
 
Sum of square (SS) and Mean square (MS) 
 
𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑜𝑟 𝑒𝑟𝑟𝑜𝑟 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒 (𝑆𝑆𝐸) = ∑(𝑌𝑖 − ?̂?𝑖)
2
𝑛
𝑖=1
   
 
𝑃𝑢𝑟𝑒 𝑒𝑟𝑟𝑜𝑟 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒 (𝑆𝑆𝑃𝐸) = ∑∑(𝑌𝑖𝑗 − ?̅?𝑖)
2
𝑛𝑖
𝑗=1
𝑚
𝑖=1
  
 
 
𝐿𝑎𝑐𝑘 𝑜𝑓 𝑓𝑖𝑡 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒 (𝑆𝑆𝐿𝑂𝐹) = 𝑆𝑆𝐸 − 𝑆𝑆𝑃𝐸 
 
 
𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒 (𝑆𝑆𝑇) = 𝑆𝑆𝑅 + 𝑆𝑆𝐸 = ∑(𝑌𝑖 − ?̅?𝑖)
2
𝑛
𝑖=1
 
 
𝑅𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒 (𝑆𝑆𝑅) = ∑(?̂?𝑖 − ?̅?𝑖)
2
𝑛
𝑖=1
= 𝑆𝑆𝑇 − 𝑆𝑆𝐸 
 
where, 
Yi is the observations from the experiment 
?̂?𝒊  is the response from the model calculation  
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?̅?𝒊 is the average of the ni observation at Xi. Note that ?̅?𝒊 in SSPE calculation is the average ni 
observation at the repeated observation. 
Yij is the jth observation on the experiment at Xi, i=1, 2,….., m 
Mean square (MS) is SS divided by its associated degrees of freedom.  
 
F-Statistic 
 
𝐹 =
𝑆𝑆𝑅/𝑘
𝑆𝑆𝐸/(𝑛 − 𝑘 − 1)
=
𝑀𝑆𝑅
𝑀𝑆𝐸
 
 
F ratio is the MSR divide by the MSE. The basic assumptions of the fit is that all the 
regression parameters, including all estimation coefficient except the intercept, are zero [328]. 
If the assumption is right, both the MSE and MSR estimate the error variance, and their ratio 
has an F-distribution. If parameters are significant model effects, the F ratio is typically higher 
than expected by chance alone [328]. 
 
Prob > F is “the observed significance probability (p-value) of obtaining a greater F-value by 
chance alone if the specified model fits no better than the overall response mean” [328]. 
Observed significance probabilities ≤ 0.05 are often considered evidence of a regression effect 
or model term are significant while the values greater than 0.1000 indicate the model terms 
are not significant [162, 328].  
 
F-Statistic (lack of fit) 
 
𝐹 =
𝑆𝑆𝐿𝑂𝐹/(𝑛 − 𝑘 − 1 − 𝑞 + 𝑚)
𝑆𝑆𝑃𝐸/(𝑞 − 𝑚)
=
𝑀𝑆𝐿𝑂𝐹
𝑀𝑆𝑃𝐸
 
 
F ratio is the ratio of MSLOF to MSPE and it tests the assumption that the lack of fit is zero 
[328]. 
 
Prob > F is “the probability of obtaining a greater F-value by chance alone if the variation 
due to lack of fit variance and pure error variance are the same. A high p value means that an 
insignificant proportion of error is explained by lack of fit” [328]. 
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12.1.3 Coefficient of determination, Mean an Standard deviation 
 
R2 measure the proportion of the variation explained by the model (linear or polynomial). The 
perfectly fit model (no error) is indicated by the R2 equal to 1. R2 is calculated as follow 
[328]; 
 
𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 (𝑅2) =
𝑆𝑆𝑅
𝑆𝑆𝑇
= 1 −
𝑆𝑆𝐸
𝑆𝑆𝑇
 
 
                
Mean is “the sample mean (arithmetic average) of the response variable” [328]. This is the 
predicted response when there are no specified effects in the model [328]. 
 
Standard deviation is the square root of the mean square of the response variable. 
 
12.1.4 Coefficient table (tests on the individual variable) 
 
Coef (b vector of least square estimators in section 12.1.1) is the list of parameter estimates 
for each terms of the requested model [328].  
 
Standard error (StdErr) is the lists of the estimates of the standard deviation of the parameter 
estimate distribution. Construction of t-tests and confidence intervals for the parameter are 
constructed based on this value [328]. 
 
tStat is the statistic test that each parameter is zero based on hypotheses. It is the ratio of the 
parameter estimate to its standard error. If the hypothesis is right, this statistic has a Student’s 
t-distribution. tStat greater than 2 in absolute value is a usual guideline for judging 
significance since it approximates the 0.05 significance level [328]. 
 
pVal or Prob >│t│is the observed significance probability list calculated from each tStat. It is 
the probability of getting, by chance alone, a tStat greater (in absolute value) than the 
computed value, given a true null hypothesis. A value ≤ 0.05 (or sometimes 0.01) show as 
significant evidence that the parameter is different from zero [328]. 
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12.1.5 Matlab code and response result 
 
Using % SARS yield for an example run, code value is given as followed; 
 
 
function SteamActivation_CV 
   
X=[-1   -1 
1   -1 
-1  1 
1   1 
0   0 
0   0 
-1.414213562    0 
1.414213562 0 
0   -1.414213562 
0   1.414213562 
0   0 
0   0 
];%use code value for ANOVA and equation; use real value for plot  
  
Y=[ 
30.3 
26.3 
26.0 
18.8 
25.0 
24.8 
28.5 
21.0 
29.2 
22.0 
25.1 
25.1 
 
]; 
  
%%%%%%%%%%%%(Run for equation and stat)%%%%%%%%%%%%%%%%% 
  
for n=1:size(Y,2) 
X1=X(:,1); 
X2=X(:,2); 
  
Ytmp=Y(:,n); 
Xmat=[ones(size(X1)) X1 X2 X1.*X2 X1.^2 X2.^2]; 
a=mldivide(Xmat,Y) 
Ymod=Xmat*a 
Aarr(n,:)=a; 
  
  
end 
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regstats(Y,X,'quadratic');  
  
stats = regstats(Y,X,'quadratic'); 
  
 
%%%%%%%%%%%%%%%%F Stat,ANOVA%%%%%%%%%%%%%%%%%% 
                  
f = stats.fstat; 
  
Ytmp_rept=Ytmp([5:6,11:12]); 
Ytmp_rept_average=mean(Ytmp_rept); 
rept_n=4;  
Ytmp_rept_exp=(repmat(Ytmp_rept_average,1,rept_n))'; 
SSpe=sum(([Ytmp_rept-Ytmp_rept_exp]).^2); 
SSlof=f.sse-SSpe; 
MSpe=SSpe/3;  
MSlof=SSlof/3; 
F_lof=MSlof/MSpe; 
P_lof=1-fcdf(F_lof,3,3); % for p value of the model --> pval=1-fcdf(5.653400,9,6); 9 and 6 
are degree of freedom of numerator and denominator, respectively 
  
  
fprintf('\n') 
fprintf('Regression ANOVA'); 
fprintf('\n\n') 
  
fprintf('%1s','Source'); 
fprintf('%18s','DF','SS','MS','F','Prob>F'); 
fprintf('\n') 
  
fprintf('%1s','Model'); 
fprintf('%18f',f.dfr,f.ssr,f.ssr/f.dfr,f.f,f.pval); 
fprintf('\n') 
  
fprintf('%6s','Residual'); 
fprintf('%18f',f.dfe,f.sse,f.sse/f.dfe); 
fprintf('\n') 
  
fprintf('%6s','Lack_of_fit'); 
fprintf('%18f',3,SSlof,MSlof,F_lof,P_lof); % change Dof if change model form 
fprintf('\n') 
  
fprintf('%6s','Pure_error'); 
fprintf('%18f',3,SSpe,MSpe);% change Dof if change model form 
fprintf('\n') 
  
fprintf('%1s','Total'); 
fprintf('%18f',f.dfe+f.dfr,f.sse+f.ssr); 
fprintf('\n') 
  
fprintf('\n') 
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%%%%%%%%%%%%%%%%%%%%%%R2,std,mean%%%%%%%%%%%%%% 
  
R2 = stats.rsquare; 
adjustedR2=stats.adjrsquare; 
residuals=stats.r; % residuals=Ytmp-Ymod 
L=stats.leverage; % leverage 
PRESS=sum((residuals./(1-L)).^2); 
predictedR2=1-(PRESS/(f.ssr+f.sse)); 
%R=corrcoef(Ytmp,Ymod); 
%R2=R(2).^2; 
%R2mat(1,n)=R2; 
%adjustedR2=1-(11/6)*(1-R2);  
Std_Dev=sqrt(f.sse/f.dfe); 
Mean=mean(Ytmp); 
CV=Std_Dev/Mean*100; % Coefficient of variation 
  
fprintf('%1s','Std.Dev.(RMSE)'); 
fprintf('%18f',Std_Dev); 
fprintf('\n') 
  
fprintf('%1s','Mean'); 
fprintf('%18f',Mean); 
fprintf('\n') 
  
fprintf('%1s','C.V.'); 
fprintf('%18f',CV); 
fprintf('\n') 
  
fprintf('%1s','R2'); 
fprintf('%18f',R2); 
fprintf('\n') 
  
fprintf('%1s','adj-R2'); 
fprintf('%18f',adjustedR2); 
fprintf('\n') 
  
fprintf('%1s','pred-R2'); 
fprintf('%18f',predictedR2); 
fprintf('\n') 
  
fprintf('%1s','PRESS'); 
fprintf('%18f',PRESS); 
fprintf('\n') 
 
%%%%%%%%%%%%%%%%%%%%%%tStat%%%%%%%%%%%%%%%%%% 
  
t = stats.tstat; 
%Beta order is Intercept,X1,X2,X1*X2,X1^2,X2^2, respectively 
CoeffTable = dataset({t.beta,'Coef'},{t.se,'StdErr'},{t.t,'tStat'},{t.pval,'pVal'}) 
%%%%%%%%%%%%%%%%Interactive response surface modeling%%%%%%%% 
  
rstool(X,Y,'quadratic'); 
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%%%%%%%%%%plot and estimation coefficient checking%%%%%%%%%%%%% 
  
%stats = regstats(Y,X,'quadratic','beta') 
b = stats.beta; % Model coefficients 
  
xx1 = linspace(min(X1),max(X1),60); %change the last number to make finer plot  
xx2 = linspace(min(X2),max(X2),60); 
  
[x1,x2] = meshgrid(xx1,xx2); 
  
RESPONSE = b(1) + b(2)*x1 + b(3)*x2 + b(4)*x1.*x2 + b(5)*x1.^2 + b(6)*x2.^2; 
Est_Coff=b;  
Ymodp=Xmat*Est_Coff; 
Rp=corrcoef(Ytmp,Ymodp); 
R2p=Rp(3).^2 
R2matp(1,n)=R2p; 
adjustedR2p=1-(11/6)*(1-R2p) 
  
%[max_val idx] = max(RESPONSE(:))% can also cal max_val = max(RESPONSE(:)) and 
for idex location run [XO1 XO2 XO3] = ind2sub(size(RESPONSE),idx)  
  
%%%%%%%%%%%%%%surf plot only%%%%%%%%%%%%%%%%%%%%% 
  
Surf_L=surf(xx1,xx2,RESPONSE,'EdgeColor','none'); %delete the edgecolor if need gridline 
set(gca,'FontSize',14);%change font size of axis tick mark 
xlabel('Temperature (^oC)','fontsize',14,'fontweight','b','rotation',25) 
ylabel('Time (min)','fontsize',14,'fontweight','b','rotation',-38) 
zlabel('SBA yield (%)','fontsize',14,'fontweight','b') 
%xlab1 = get(gca,'xlabel');  
%set(xlab1,'Position',get(xlab1,'Position') - [0 0 0]) %1st go left or right, 3rd close to axis 
(up/down) 
%ylab1 = get(gca,'ylabel');  
%set(ylab1,'Position',get(ylab1,'Position') - [0 0 0])%for move up,down 
hbar = colorbar; 
set(hbar,'Position',[.8 .2 0.03 .70],'fontsize',14) 
%[left/right_position,up/down_postion,width,height] 
axis square %make axis box square (cubic) 
axis tight %set axis limit to a range of data 
hold on 
  
%%%%%%%%%%%%%%%contour plot only%%%%%%%%%%%%%%%%%% 
delete (Surf_L) 
delete (hbar) 
  
contour_L=subplot(1,10,[3.5 8]) 
[C,h]=contourf(xx1,xx2,RESPONSE,'EdgeColor','none'); %delete the edgecolor if need 
gridline 
clabel(C,h); 
clabel(C,h,'FontSize',13,'Color','white','Rotation',0,'fontweight','b'); 
set(gca,'FontSize',14); 
xlabel('Temperature (^oC)','fontsize',14,'fontweight','b') 
ylabel('Time (min)','fontsize',14,'fontweight','b') 
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hbar = colorbar; 
set(hbar,'fontsize',14) 
axis square %make axis box square (cubic) 
axis tight %set axis limit to a range of data 
hold on 
  
  
%%%%%%%%%%%%%%%plot-surface&contour%%%%%%%%%%%%%%%%% 
  
delete (contour_L) 
  
surf_plot=subplot(1,10,[1 3.5]) 
surf(xx1,xx2,RESPONSE,'EdgeColor','none'); %delete the edgecolor if need gridline 
xlabel('Temperature (^oC)','fontsize',12,'fontweight','b','rotation',25) 
ylabel('Time (min)','fontsize',12,'fontweight','b','rotation',-38) 
zlabel('SBA yield (%)','fontsize',12,'fontweight','b') 
hbar = colorbar; 
set(hbar, 'Position',[.45 .2 0.03 0.70])%[left/right_position,up/down_postion,width,height] 
axis square %make axis box square (cubic) 
axis tight %set axis limit to a range of data 
hold on 
  
contour_plot=subplot(1,10,[6.5 10]) 
[C,h] = contourf(xx1,xx2,RESPONSE,'EdgeColor','none'); %delete the edgecolor if need 
gridline 
clabel(C,h); 
clabel(C,h,'FontSize',11,'Color','white','Rotation',0,'fontweight','b'); 
xlabel('Temperature (^oC)','fontsize',12,'fontweight','b') 
ylabel('Time (min)','fontsize',12,'fontweight','b') 
hbar = colorbar; 
axis square %make axis box square (cubic) 
axis tight %set axis limit to a range of data 
hold on 
  
%%%%%%%%%%%%%%%%%%end%%%%%%%%%%%%%%%%%%%%%% 
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Response result 
 
Source DF SS MS F Prob>F 
Model 5 123.3101 24.66203 300.5309 0 
Residual 6 0.492369 0.082062 
  Lack_of_fit 3 0.432369 0.144123 7.206152 0.069517 
Pure_error 3 0.06 0.02 
  Total 11 123.8025 
   
      Std.Dev.(RMSE) 0.286464 
    Mean 25.175 
    C.V. 1.13789 
    R2 0.996023 
    adj-R2 0.992709 
    pred-R2 0.974303 
    PRESS 3.181292 
     
 
CoeffTable = 
 
  
Coef StdErr tStat pVal 
 
Intercept 47.2 0.20067 235.21 3.99E-13 
 
X1 -2.5 0.1419 -17.697 2.09E-06 
 
X2 -1.9 0.1419 -13.307 1.11E-05 
 
X1X2 -0.7 0.20067 -3.2391 0.017706 
 
X12 -0.6 0.15864 -3.5851 0.011572 
  X22 0.3 0.15864 1.6152 0.15738 
 
Note that the response result Ymod or YR1(res) in this case are already given in Table 12-1 
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12.1.6 Student’s t-test results of SAMS and SARS responses 
 
        SAMS         SARS   
    Coef StdErr tStat pVal   Coef StdErr tStat pVal 
SBA yield (%) Intercept 47.2 0.20067 235.21 3.99E-13 
 
25.00 0.14323 174.54 2.39E-12 
 
X1 -2.5 0.1419 -17.697 2.09E-06 
 
-2.73 0.10128 -26.914 1.74E-07 
 
X2 -1.9 0.1419 -13.307 1.11E-05 
 
-2.75 0.10128 -27.131 1.66E-07 
 
X1X2 -0.7 0.20067 -3.2391 0.017706 
 
-0.80 0.14323 -5.5853 0.0013996 
 
X12 -0.6 0.15864 -3.5851 0.011572 
 
-0.08 0.11323 -0.71754 0.50001 
  X22 0.3 0.15864 1.6152 0.15738 
 
0.34 0.11323 3.0357 0.022928 
SBA yield (g) Intercept 99.1 0.41903 236.5 3.86E-13 
 
52.53 0.29919 175.56 2.30E-12 
 
X1 -5.3 0.2963 -17.748 2.06E-06 
 
-5.76 0.21156 -27.23 1.62E-07 
 
X2 -4.0 0.2963 -13.567 9.95E-06 
 
-5.79 0.21156 -27.354 1.58E-07 
 
X1X2 -1.4 0.41903 -3.2814 0.016794 
 
-1.70 0.29919 -5.682 0.0012811 
 
X12 -1.2 0.33127 -3.6601 0.010578 
 
-0.19 0.23653 -0.81913 0.44403 
  X22 0.6 0.33127 1.698 0.14043 
 
0.68 0.23653 2.8802 0.028052 
liquid yield (g) Intercept 74.8 1.3213 56.572 2.05E-09 
 
103.25 0.64634 159.75 4.06E-12 
 
X1 -5.8 0.93432 -6.193 0.0008164 
 
-6.35 0.45703 -13.886 8.69E-06 
 
X2 15.0 0.93432 16.104 3.64E-06 
 
17.07 0.45703 37.34 2.46E-08 
 
X1X2 -3.1 1.3213 -2.3461 0.057363 
 
-4.88 0.64634 -7.5425 0.0002817 
 
X12 -1.1 1.0446 -1.0052 0.35362 
 
0.16 0.51097 0.31802 0.76125 
  X22 -0.1 1.0446 -0.09573 0.92685 
 
2.44 0.51097 4.7703 0.0030935 
Gas yield (g) Intercept 78.2 1.1862 65.882 8.22E-10 
 
96.23 0.56333 170.81 2.72E-12 
 
X1 11.0 0.83878 13.168 1.18E-05 
 
12.11 0.39833 30.394 8.42E-08 
 
X2 17.1 0.83878 20.363 9.12E-07 
 
16.83 0.39833 42.247 1.18E-08 
 
X1X2 4.5 1.1862 3.7725 0.0092613 
 
6.58 0.56333 11.672 2.38E-05 
 
X12 2.3 0.93778 2.4126 0.052388 
 
0.03 0.44535 0.070169 0.94634 
  X22 -0.5 0.93778 -0.49318 0.63941 
 
-3.12 0.44535 -7.0029 0.0004225 
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        SAMS         SARS   
    Coef StdErr tStat pVal   Coef StdErr tStat pVal 
carbon burn-off(%) Intercept 2.6 0.21595 12.04 1.99E-05 
 
4.5 0.1436 31.338 7.01E-08 
 
X1 0.6 0.1527 3.9724 0.0073465 
 
0.3 0.10154 3.1884 0.018874 
 
X2 1.9 0.1527 12.134 1.90E-05 
 
2.7 0.10154 27.062 1.68E-07 
 
X1X2 0.7 0.21595 3.01 0.023701 
 
0.8 0.1436 5.5712 0.001418 
 
X12 0.6 0.17072 3.2582 0.017288 
 
0.1 0.11352 0.71572 0.50106 
  X22 -0.2 0.17072 -1.2813 0.24737 
 
-0.3 0.11352 -3.028 0.023156 
total water used (g) Intercept 19.4 1.314 14.726 2.61E-05 
 
22.4 0.65253 34.252 4.12E-08 
 
X1 5.8 0.92911 6.2277 0.0015617 
 
6.3 0.46141 13.754 9.19E-06 
 
X2 12.1 1.1995 10.11 0.0001622 
 
11.0 0.46141 23.93 3.50E-07 
 
X1X2 3.1 1.314 2.3593 0.06481 
 
4.9 0.65253 7.471 0.0002968 
 
X12 0.7 1.0728 0.67105 0.53194 
 
-0.2 0.51587 -0.315 0.76343 
  X22 1.1 1.314 0.8297 0.4445 
 
-2.4 0.51587 -4.7251 0.003241 
Gasification rate (g/min) Intercept 0.32 0.01575 20.476 5.14E-06 
 
0.37 0.01677 22.212 5.44E-07 
 
X1 0.10 0.011137 9.1394 0.0002628 
 
0.10 0.011858 8.2491 0.0001716 
 
X2 -0.06 0.014378 -3.8275 0.012279 
 
-0.07 0.011858 -5.5039 0.0015093 
 
X1X2 -0.02 0.01575 -1.1111 0.31707 
 
0.03 0.01677 1.6398 0.15215 
 
X12 0.02 0.01286 1.4361 0.21046 
 
0.00 0.013258 0.094284 0.92795 
  X22 0.04 0.01575 2.6729 0.044196 
 
0.00 0.013258 -0.094284 0.92795 
exp ash content(%) Intercept 81.175 0.46549 174.39 2.40E-12 
 
63.2 0.31603 199.98 1.06E-12 
 
X1 3.2044 0.32915 9.7353 6.75E-05 
 
6.3841 0.22347 28.568 1.22E-07 
 
X2 2.3735 0.32915 7.2111 0.0003603 
 
5.7288 0.22347 25.636 2.32E-07 
 
X1X2 1.05 0.46549 2.2557 0.064931 
 
3.025 0.31603 9.5717 7.43E-05 
 
X12 0.74375 0.368 2.0211 0.08977 
 
0.95625 0.24985 3.8273 0.0086861 
  X22 0.01875 0.368 0.050951 0.96102   0.00625 0.24985 0.025015 0.98085 
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        SAMS         SARS   
    Coef StdErr tStat pVal   Coef StdErr tStat pVal 
Cal ash content (%) Intercept 85.6 0.43792 195.47 1.21E-12 
 
81.625 0.67607 120.73 2.18E-11 
 
X1 4.7861 0.30966 15.456 4.64E-06 
 
8.4828 0.47805 17.745 2.06E-06 
 
X2 3.5121 0.30966 11.342 2.81E-05 
 
8.2305 0.47805 17.217 2.46E-06 
 
X1X2 1.625 0.43792 3.7107 0.0099613 
 
2.8 0.67607 4.1416 0.0060678 
 
X12 1.3625 0.34621 3.9355 0.0076642 
 
0.86875 0.53448 1.6254 0.1552 
  X22 -0.3625 0.34621 -1.0471 0.33541 
 
-0.65625 0.53448 -1.2278 0.26549 
ash removal (%) Intercept 4.425 0.26445 16.733 2.91E-06 
 
18.425 0.77442 23.792 3.62E-07 
 
X1 1.5817 0.18699 8.4589 0.0001491 
 
2.0987 0.54759 3.8325 0.0086335 
 
X2 1.1385 0.18699 6.0887 0.0008929 
 
2.5017 0.54759 4.5686 0.0038163 
 
X1X2 0.575 0.26445 2.1744 0.072625 
 
-0.225 0.77442 -0.29054 0.78118 
 
X12 0.61875 0.20906 2.9596 0.025295 
 
-0.0875 0.61223 -0.14292 0.89103 
  X22 -0.38125 0.20906 -1.8236 0.11803 
 
-0.6625 0.61223 -1.0821 0.32076 
BET SA (m2/g) Intercept 165.15 3.5541 46.467 6.66E-09 
 
261.25 8.6621 30.16 8.81E-08 
 
X1 6.7182 2.5131 2.6732 0.036867 
 
17.189 6.125 2.8064 0.030904 
 
X2 6.7497 2.5131 2.6858 0.036257 
 
31.886 6.125 5.2059 0.0020034 
 
X1X2 -7.625 3.5541 -2.1454 0.075585 
 
-20.075 8.6621 -2.3176 0.059647 
 
X12 -14.313 2.8098 -5.0938 0.0022349 
 
-25.981 6.848 -3.794 0.0090309 
  X22 -9.3375 2.8098 -3.3232 0.015941 
 
-28.281 6.848 -4.1299 0.0061479 
Meso&macropore SA (m2/g) Intercept 88.83 2.1577 41.166 1.37E-08 
 
153.95 6.4307 23.94 3.49E-07 
 
X1 10.26 1.5258 6.7218 0.0005273 
 
18.01 4.5472 3.9604 0.0074482 
 
X2 7.34 1.5258 4.809 0.0029732 
 
20.74 4.5472 4.5611 0.0038466 
 
X1X2 -1.45 2.1577 -0.672 0.5266 
 
12.18 6.4307 1.8933 0.10717 
 
X12 -5.79 1.7058 -3.3964 0.01456 
 
-24.16 5.0839 -4.7515 0.0031538 
  X22 -2.27 1.7058 -1.33 0.23184 
 
-11.21 5.0839 -2.2043 0.069692 
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        SAMS         SARS   
    Coef StdErr tStat pVal   Coef StdErr tStat pVal 
Micropore SA (m2/g) Intercept 76.325 1.5061 50.678 3.96E-09 
 
107.32 6.457 16.622 3.03E-06 
 
X1 -3.4949 1.065 -3.2817 0.016786 
 
-0.78958 4.5658 -0.17293 0.86839 
 
X2 -0.61272 1.065 -0.57534 0.58597 
 
11.134 4.5658 2.4385 0.050575 
 
X1X2 -6.175 1.5061 -4.1 0.0063571 
 
-32.275 6.457 -4.9985 0.0024561 
 
X12 -8.5375 1.1907 -7.1704 0.0003716 
 
-1.8125 5.1047 -0.35507 0.73469 
  X22 -7.0625 1.1907 -5.9316 0.0010243 
 
-17.088 5.1047 -3.3474 0.015469 
Total PV (ml/g) Intercept 0.18875 0.0033079 57.061 1.95E-09 
 
0.209 0.0047227 44.254 8.91E-09 
 
X1 0.026737 0.002339 11.431 2.69E-05 
 
0.056107 0.0033394 16.801 2.84E-06 
 
X2 0.014774 0.002339 6.3165 0.0007353 
 
0.048577 0.0033394 14.546 6.62E-06 
 
X1X2 0.00025 0.0033079 0.075577 0.94221 
 
0.0135 0.0047227 2.8585 0.028857 
 
X12 -0.006375 0.0026151 -2.4378 0.050626 
 
-0.0034375 0.0037336 -0.92069 0.39273 
  X22 -0.007125 0.0026151 -2.7245 0.034434 
 
-0.011688 0.0037336 -3.1303 0.020316 
Micropore volume (ml/g) Intercept 0.03395 0.0006823 49.756 4.42E-09 
 
0.045525 0.002923 15.575 4.44E-06 
 
X1 -0.0011627 0.0004825 -2.4097 0.052593 
 
0.0001922 0.0020669 0.09297 0.92895 
 
X2 0.0001407 0.0004825 0.29159 0.78042 
 
0.0048391 0.0020669 2.3413 0.057744 
 
X1X2 -0.0028 0.0006823 -4.1036 0.0063319 
 
-0.01425 0.002923 -4.8751 0.0027799 
 
X12 -0.0042938 0.0005394 -7.9598 0.0002092 
 
-0.0009 0.0023108 -0.38947 0.71038 
  X22 -0.0036188 0.0005394 -6.7085 0.0005329 
 
-0.00695 0.0023108 -3.0076 0.023775 
Mesopore volume (ml/g) Intercept 0.15417 0.002601 59.276 1.55E-09 
 
0.1635 0.0038771 42.171 1.19E-08 
 
X1 0.027899 0.0018391 15.17 5.18E-06 
 
0.055915 0.0027415 20.396 9.03E-07 
 
X2 0.014634 0.0018391 7.9568 0.0002097 
 
0.043756 0.0027415 15.96 3.84E-06 
 
X1X2 0.00305 0.002601 1.1726 0.28538 
 
0.02775 0.0038771 7.1574 0.0003753 
 
X12 -0.0017687 0.0020562 -0.86019 0.42272 
 
-0.0025563 0.0030651 -0.83398 0.43623 
  X22 -0.0031938 0.0020562 -1.5532 0.17136 
 
-0.0047313 0.0030651 -1.5436 0.17364 
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        SAMS         SARS   
    Coef StdErr tStat pVal   Coef StdErr tStat pVal 
HK peak (dW/dR) Intercept 1.99 0.056729 35.079 3.58E-08 
 
3.4975 0.1037 33.727 4.52E-08 
 
X1 -0.24448 0.040113 -6.0946 0.0008884 
 
-0.55652 0.073328 -7.5895 0.0002722 
 
X2 -0.098284 0.040113 -2.4502 0.04978 
 
0.011302 0.073328 0.15413 0.88256 
 
X1X2 -0.16 0.056729 -2.8204 0.030337 
 
-0.8025 0.1037 -7.7386 0.0002445 
 
X12 -0.12563 0.044848 -2.8011 0.031118 
 
-0.205 0.081983 -2.5005 0.046496 
  X22 -0.063125 0.044848 -1.4075 0.20891 
 
-0.4875 0.081983 -5.9464 0.001011 
HK peak diameter (nm) Intercept 0.56 0.0019094 293.28 1.06E-13 
 
0.5825 0.0048166 120.93 2.16E-11 
 
X1 -0.0030178 0.0013502 -2.2351 0.066793 
 
0.00125 0.0034059 0.36701 0.72621 
 
X2 0.0005178 0.0013502 0.38349 0.71458 
 
0.0090533 0.0034059 2.6581 0.037618 
 
X1X2 -0.0075 0.0019094 -3.9279 0.0077312 
 
-0.0025 0.0048166 -0.51903 0.62232 
 
X12 -0.003125 0.0015095 -2.0702 0.083865 
 
-0.005 0.0038079 -1.3131 0.23714 
  X22 -0.003125 0.0015095 -2.0702 0.083865 
 
-0.0075 0.0038079 -1.9696 0.096405 
Surface pH Intercept 8.75 0.07225 121.11 2.14E-11 
 
8.625 0.062525 137.95 9.79E-12 
 
X1 0.25 0.051089 4.9108 0.0026814 
 
0.14053 0.044212 3.1787 0.019108 
 
X2 0.32 0.051089 6.2949 0.0007488 
 
-0.015533 0.044212 -0.35133 0.73735 
 
X1X2 0.18 0.07225 2.4221 0.051713 
 
0.225 0.062525 3.5986 0.011386 
 
X12 0.07 0.057119 1.2036 0.27406 
 
0.13125 0.04943 2.6553 0.037762 
  X22 0.12 0.057119 2.079 0.08285 
 
0.13125 0.04943 2.6553 0.037762 
k value, Freundlich Intercept 18.107 0.99883 18.129 1.81E-06 
 
34.98 2.2904 15.272 4.98E-06 
 
X1 7.4822 0.70628 10.594 4.16E-05 
 
12.877 1.6196 7.9511 0.0002105 
 
X2 5.8877 0.70628 8.3362 0.0001618 
 
12.724 1.6196 7.8567 0.0002249 
 
X1X2 0.2125 0.99883 0.21275 0.83857 
 
1.6375 2.2904 0.71494 0.50151 
 
X12 -2.2719 0.78964 -2.8771 0.028165 
 
-6.6838 1.8107 -3.6912 0.010194 
  X22 -2.4469 0.78964 -3.0987 0.021151 
 
-5.0363 1.8107 -2.7813 0.03194 
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        SAMS         SARS   
    Coef StdErr tStat pVal   Coef StdErr tStat pVal 
1/n, Freundlich Intercept 0.2225 0.015282 14.56 6.58E-06 
 
0.1625 0.02493 6.5181 0.0006219 
 
X1 -0.099712 0.010806 -9.2276 9.14E-05 
 
-0.067944 0.017629 -3.8542 0.0084186 
 
X2 -0.091783 0.010806 -8.4938 0.0001457 
 
-0.053373 0.017629 -3.0277 0.023168 
 
X1X2 0.0525 0.015282 3.4355 0.013878 
 
0.0225 0.02493 0.90251 0.40156 
 
X12 0.034375 0.012081 2.8453 0.029362 
 
0.035625 0.019709 1.8075 0.12069 
  X22 0.054375 0.012081 4.5008 0.0041006 
 
0.030625 0.019709 1.5538 0.17122 
Q, Langmuir (mg/g) Intercept 47.632 1.9425 24.521 3.03E-07 
 
67.833 3.5651 19.027 1.36E-06 
Eq. 1-10 X1 8.5386 1.3736 6.2163 0.0008003 
 
18.948 2.5209 7.5162 0.0002871 
 
X2 6.9649 1.3736 5.0706 0.0022865 
 
20.542 2.5209 8.1488 0.0001837 
 
X1X2 0.67 1.9425 0.34491 0.74193 
 
1.16 3.5651 0.32538 0.75594 
 
X12 -5.2388 1.5357 -3.4113 0.014296 
 
-12.269 2.8185 -4.353 0.004807 
  X22 -3.5738 1.5357 -2.3271 0.058874 
 
-9.5738 2.8185 -3.3968 0.014553 
b, Langmuir Intercept 0.19975 0.0078327 25.502 2.40E-07 
 
0.49225 0.051559 9.5473 7.54E-05 
Eq. 1-10 X1 0.099653 0.0055385 17.993 1.90E-06 
 
0.23671 0.036458 6.4927 0.000635 
 
X2 0.070577 0.0055385 12.743 1.43E-05 
 
0.24009 0.036458 6.5855 0.0005886 
 
X1X2 0.01375 0.0078327 1.7555 0.12971 
 
0.091 0.051559 1.765 0.12801 
 
X12 -0.0045 0.0061923 -0.72671 0.49477 
 
-0.054563 0.040761 -1.3386 0.22919 
  X22 -0.02475 0.0061923 -3.9969 0.0071441 
 
-0.014313 0.040761 -0.35113 0.73749 
Q, Langmuir (mg/g) Intercept 50.437 2.0975 24.046 3.40E-07 
 
73.055 3.8237 19.106 1.33E-06 
Eq. 1-9 X1 9.7006 1.4832 6.5404 0.0006107 
 
20.527 2.7038 7.592 0.0002717 
 
X2 7.8172 1.4832 5.2705 0.0018822 
 
22.172 2.7038 8.2005 0.0001773 
 
X1X2 0.41 2.0975 0.19547 0.85148 
 
1.9275 3.8237 0.50409 0.63217 
 
X12 -5.6594 1.6583 -3.4128 0.014269 
 
-13.269 3.0229 -4.3894 0.0046211 
  X22 -4.7519 1.6583 -2.8656 0.028592 
 
-10.631 3.0229 -3.5169 0.012566 
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        SAMS         SARS   
    Coef StdErr tStat pVal   Coef StdErr tStat pVal 
b, Langmuir Intercept 0.1395 0.018456 7.5586 0.0002784 
 
0.2305 0.021531 10.705 3.92E-05 
Eq. 1-9 X1 0.05601 0.01305 4.2919 0.0051383 
 
0.077094 0.015225 5.0637 0.0023023 
 
X2 0.04527 0.01305 3.4689 0.013321 
 
0.076012 0.015225 4.9926 0.0024705 
 
X1X2 0.00375 0.018456 0.20319 0.8457 
 
0.00075 0.021531 0.034833 0.97334 
 
X12 -0.010937 0.014591 -0.74963 0.48183 
 
-0.034563 0.017022 -2.0305 0.088607 
  X22 -0.0069375 0.014591 -0.47548 0.65126 
 
-0.013063 0.017022 -0.76739 0.47196 
B, Temkin Intercept 7.95 0.35162 22.61 4.90E-07 
 
8.925 0.42942 20.784 8.08E-07 
 
X1 0.42338 0.24863 1.7028 0.13949 
 
1.6537 0.30365 5.4462 0.0015931 
 
X2 0.41909 0.24863 1.6856 0.14285 
 
2.1237 0.30365 6.9939 0.0004255 
 
X1X2 -0.025 0.35162 -0.0711 0.94563 
 
-0.025 0.42942 -0.058218 0.95547 
 
X12 -0.84375 0.27798 -3.0353 0.02294 
 
-1.5313 0.33949 -4.5105 0.0040584 
  X22 -0.49375 0.27798 -1.7762 0.12603 
 
-1.2813 0.33949 -3.7741 0.0092444 
A, Temkin Intercept 4.9125 1.9598 2.5066 0.046117 
 
36.623 10.852 3.3746 0.014956 
 
X1 6.5161 1.3858 4.702 0.0033194 
 
35.766 7.6737 4.6609 0.0034642 
 
X2 4.7705 1.3858 3.4424 0.013761 
 
28.041 7.6737 3.6542 0.010652 
 
X1X2 5.56 1.9598 2.837 0.029685 
 
16.255 10.852 1.4978 0.18482 
 
X12 1.8969 1.5494 1.2243 0.26674 
 
6.7925 8.5795 0.79172 0.45867 
  X22 0.88438 1.5494 0.57079 0.58887 
 
1.5525 8.5795 0.18096 0.86236 
k/SBET Intercept 0.11 0.005506 19.978 1.02E-06 
 
0.1325 0.0074303 17.832 2.00E-06 
 
X1 0.050999 0.0038934 13.099 1.22E-05 
 
0.056302 0.005254 10.716 3.90E-05 
 
X2 0.037463 0.0038934 9.6223 7.21E-05 
 
0.048802 0.005254 9.2885 8.81E-05 
 
X1X2 0.0075 0.005506 1.3621 0.22207 
 
0.0075 0.0074303 1.0094 0.35175 
 
X12 -0.006875 0.0043529 -1.5794 0.16532 
 
-0.016875 0.0058742 -2.8727 0.028325 
  X22 -0.011875 0.0043529 -2.7281 0.034274 
 
-0.016875 0.0058742 -2.8727 0.028325 
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        SAMS         SARS   
    Coef StdErr tStat pVal   Coef StdErr tStat pVal 
Qmax/SBET Intercept 0.2875 0.0090197 31.875 6.34E-08 
 
0.26 0.0087265 29.794 9.48E-08 
 
X1 0.049534 0.0063779 7.7665 0.0002397 
 
0.078159 0.0061706 12.666 1.48E-05 
 
X2 0.036731 0.0063779 5.7591 0.0011946 
 
0.072426 0.0061706 11.737 2.31E-05 
 
X1X2 0.0175 0.0090197 1.9402 0.10042 
 
0.015 0.0087265 1.7189 0.13643 
 
X12 -0.00875 0.0071307 -1.2271 0.26575 
 
-0.029375 0.0068989 -4.2579 0.0053334 
  X22 -0.00625 0.0071307 -0.87649 0.41447 
 
-0.026875 0.0068989 -3.8955 0.0080251 
BPA SA Intercept 135.7 5.5358 24.504 3.04E-07 
 
193.18 10.154 19.024 1.36E-06 
 
X1 24.3 3.9144 6.2105 0.0008043 
 
53.967 7.18 7.5163 0.0002871 
 
X2 19.8 3.9144 5.0705 0.002287 
 
58.494 7.18 8.1468 0.0001839 
 
X1X2 1.9 5.5358 0.34322 0.74314 
 
3.275 10.154 0.32253 0.75799 
 
X12 -14.9 4.3764 -3.4103 0.014313 
 
-34.938 8.0275 -4.3522 0.0048108 
  X22 -10.2 4.3764 -2.325 0.059046 
 
-27.263 8.0275 -3.3962 0.014565 
% diff BET SA and BPA SA Intercept 18.0 2.3349 7.7091 0.0002498 
 
26.3 2.6752 9.8122 6.45E-05 
 
X1 -14.0 1.651 -8.4652 0.0001485 
 
-22.0 1.8917 -11.625 2.44E-05 
 
X2 -10.7 1.651 -6.46 0.0006524 
 
-20.4 1.8917 -10.809 3.71E-05 
 
X1X2 -5.3 2.3349 -2.2485 0.065578 
 
-4.5 2.6752 -1.6821 0.14354 
 
X12 2.8 1.8459 1.5236 0.17843 
 
8.3 2.115 3.9008 0.0079769 
  X22 2.3 1.8459 1.2528 0.2569   7.3 2.115 3.428 0.014006 
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12.2 APPENDIX II: RSM RESULTS OF 33 BBD FOR K2CO3 CHEMICAL 
ACTIVATION OF SEWAGE SLUDGE IN CHAPTER 6 
 
12.2.1 Matlab code and response result 
 
Using BET SA of AW K2CO3 SBAs for an example run, code value is given as followed; 
 
function K2CO3RSM_CV 
  
X=[-1   -1  0 
1   -1  0 
-1  1   0 
1   1   0 
-1  0   -1 
1   0   -1 
-1  0   1 
1   0   1 
0   -1  -1 
0   1   -1 
0   -1  1 
0   1   1 
0   0   0 
0   0   0 
0   0   0 
0   0   0 
];%use code value for ANOVA and equation; use real value for plot  
  
Y=[ 
674.7 
1614.8 
857.0 
676.6 
672.0 
1083.0 
762.8 
965.9 
1093.7 
1130.0 
1544.2 
1693.0 
1535.5 
1648.0 
1645.4 
1608.0 
]; 
  
%%%%%%%%%%%%%%Model fitted eq.%%%%%%%%%%%%%%%%%%%% 
  
for n=1:size(Y,2) 
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X1=X(:,1); 
X2=X(:,2); 
X3=X(:,3); 
Ytmp=Y(:,n); 
Xmat=[ones(size(X1)) X1 X2 X3 X1.*X2 X1.*X3 X2.*X3 X1.^2 X2.^2 X3.^2] 
a=mldivide(Xmat,Y) 
Ymod=Xmat*a 
Aarr(n,:)=a; 
  
%%%%%%%%%%%%%%%%%%%%%%%stat%%%%%%%%%%%%%%%% 
  
regstats(Y,X,'quadratic'); 
  
stats = regstats(Y,X,'quadratic'); 
  
%%%%%%%%%%%%%%%%%F-Stat,ANOVA%%%%%%%%%%%%%%%% 
  
f = stats.fstat; 
  
Ytmp_rept=Ytmp([13:16]);% change if change no.&location of repeated observation 
Ytmp_rept_average=mean(Ytmp_rept); 
rept_n=4;  
Ytmp_rept_exp=(repmat(Ytmp_rept_average,1,rept_n))'; 
SSpe=sum(([Ytmp_rept-Ytmp_rept_exp]).^2); 
SSlof=f.sse-SSpe; 
MSpe=SSpe/3;  
MSlof=SSlof/3;  
F_lof=MSlof/MSpe; 
P_lof=1-fcdf(F_lof,3,3); % for p value of the model calculate by --> pval=1-
fcdf(5.653400,9,6); 9 and 6 are degree of freedom of numerator and denominator, 
respectively 
  
  
fprintf('\n') 
fprintf('Regression ANOVA'); 
fprintf('\n\n') 
  
fprintf('%1s','Source'); 
fprintf('%18s','DF','SS','MS','F','Prob>F'); 
fprintf('\n') 
  
fprintf('%1s','Model'); 
fprintf('%18f',f.dfr,f.ssr,f.ssr/f.dfr,f.f,f.pval); 
fprintf('\n') 
  
fprintf('%6s','Residual'); 
fprintf('%18f',f.dfe,f.sse,f.sse/f.dfe); 
fprintf('\n') 
  
fprintf('%6s','Lack_of_fit'); 
fprintf('%18f',3,SSlof,MSlof,F_lof,P_lof); % change Dof if change model form 
fprintf('\n') 
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fprintf('%6s','Pure_error'); 
fprintf('%18f',3,SSpe,MSpe);% change Dof if change model form 
fprintf('\n') 
  
fprintf('%1s','Total'); 
fprintf('%18f',f.dfe+f.dfr,f.sse+f.ssr); 
fprintf('\n') 
  
fprintf('\n') 
  
%%%%%%%%%%%%%%%%%R2,std,mean%%%%%%%%%%%%%%%%%%% 
  
R2 = stats.rsquare; 
adjustedR2=stats.adjrsquare; 
residuals=stats.r; % residuals=Ytmp-Ymod 
L=stats.leverage; % leverage 
PRESS=sum((residuals./(1-L)).^2); 
predictedR2=1-(PRESS/(f.ssr+f.sse)); 
%R=corrcoef(Ytmp,Ymod); 
%R2=R(3).^2; 
%R2mat(1,n)=R2; 
%adjustedR2=1-(15/6)*(1-R2); 
Std_Dev=sqrt(f.sse/f.dfe); 
Mean=mean(Ytmp); 
CV=Std_Dev/Mean*100; % Coefficient of variation 
  
fprintf('%1s','Std.Dev.(RMSE)'); 
fprintf('%18f',Std_Dev); 
fprintf('\n') 
  
fprintf('%1s','Mean'); 
fprintf('%18f',Mean); 
fprintf('\n') 
  
fprintf('%1s','C.V.'); 
fprintf('%18f',CV); 
fprintf('\n') 
  
fprintf('%1s','R2'); 
fprintf('%18f',R2); 
fprintf('\n') 
  
fprintf('%1s','adj-R2'); 
fprintf('%18f',adjustedR2); 
fprintf('\n') 
  
fprintf('%1s','pred-R2'); 
fprintf('%18f',predictedR2); 
fprintf('\n') 
  
fprintf('%1s','PRESS'); 
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fprintf('%18f',PRESS); 
fprintf('\n') 
 
%%%%%%%%%%%%%%tStat%%%%%%%%%%%%%%%%%%%%%%%%%% 
 
t = stats.tstat; 
%Beta order is Intercept,X1,X2,X3,X1*X2,X1*X3,X2*X3,X1^2,X2^2,X3^2 respectively 
CoeffTable = dataset({t.beta,'Coef'},{t.se,'StdErr'},{t.t,'tStat'},{t.pval,'pVal'}) 
  
%%%%%%%%%%Interactive response surface modelling%%%%%%%%%%%%% 
  
rstool(X,Y,'quadratic'); 
  
  
end 
  
%%%%%%%%%%plot and estimation coefficient checking%%%%%%%%%%%% 
  
%stats = regstats(Y,X,'quadratic','beta') 
b = stats.beta; % Model coefficients 
   
xx1 = linspace(min(X1),max(X1),60); %change the last number to make finer plot  
xx2 = linspace(min(X2),max(X2),60); 
xx3 = linspace(min(X3),max(X3),60); 
  
[x1,x2,x3] = meshgrid(xx1,xx2,xx3); 
RESPONSE = b(1) + b(2)*x1 + b(3)*x2 + b(4)*x3 + b(5)*x1.*x2 + b(6)*x1.*x3 + 
b(7)*x2.*x3 + b(8)*x1.^2 + b(9)*x2.^2 + b(10)*x3.^2; 
  
Est_Coff=b;  
Ymodp=Xmat*Est_Coff; 
Rp=corrcoef(Ytmp,Ymodp); 
R2p=Rp(3).^2; 
R2matp(1,n)=R2p; 
adjustedR2p=1-(15/6)*(1-R2p); 
  
%%%%%%%%%%%%%%%%%%scatter plot %%%%%%%%%%%%%%%%% 
  
hmodel = scatter3(x1(:),x2(:),x3(:),5,RESPONSE(:),'filled'); 
hold on 
hdata = scatter3(X1,X2,X3,'ko','filled'); 
xlabel('Temperature (^oC)','fontsize',12,'fontweight','b','rotation',25) 
ylabel('Time (min)','fontsize',12,'fontweight','b','rotation',-38) 
zlabel('Impregnated ratio (chemical:sludge)','fontsize',12,'fontweight','b') 
hbar = colorbar; 
box on 
axis tight 
axis square %make axis box square (cubic) 
  
[max_val idx] = max(RESPONSE(:))% can also cal max_val = max(RESPONSE(:)) and for 
idex location run [XO1 XO2 XO3] = ind2sub(size(RESPONSE),idx)  
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%%%%%%%%%%%%%Slice plot%%%%%%%%%%%%%%%%%%%%%%%% 
  
%if want full response delete these 3 lines 
delete(hmodel) 
x1slice = [-0.5,0,0.5,1]; x2slice = [1]; x3slice = [-1,0];%chage to code if want to plot in code 
value; x1slice = [-1,0,1]; x2slice = [1,-1]; x3slice = [-1,0,1] 
Smodel=slice(x1,x2,x3,RESPONSE,x1slice,x2slice,x3slice); 
set(Smodel,'EdgeColor','none') 
%x2slice = [];  
%Smodel=slice(x1,x2,x3,RESPONSE,[-1,-0.5,0,0.5,1],x2slice,[]);%chage to code if want to 
plot in code value 
box on 
xlabel('Temperature (^oC)','fontsize',12,'fontweight','b','rotation',25) 
ylabel('Time (min)','fontsize',12,'fontweight','b','rotation',-38) 
zlabel('Impregnated ratio (chemical:sludge)','fontsize',12,'fontweight','b') 
hbar = colorbar; 
%ylabel(hbar,'Total pore volume (ml/g)','fontsize',12,'fontweight','b'); 
%xlab = get(gca,'xlabel');  
%set(xlab,'Position',get(xlab,'Position') - [0 0 0.2]) %1st go left or right, 3rd close to axis 
%ylab = get(gca,'ylabel');  
%set(ylab,'Position',get(ylab,'Position') - [0 0 0])%for move up,down 
axis tight 
axis square %make axis box square (cubic) 
  
hold on 
  
%%%%%%%%%%%%%%%%%%%Contour plot%%%%%%%%%%%%%%%% 
  
delete (Smodel) 
delete (hdata) 
box off 
subplot(1,10,[1 3]) 
x1slice = [-1]; x2slice = []; x3slice = [];%chage to code if want to plot in code value 
S1model=slice(x1,x2,x3,RESPONSE,x1slice,x2slice,x3slice); 
set(S1model,'EdgeColor','none') 
xlabel('Temperature (^oC)','fontsize',12,'fontweight','b','rotation',25) 
ylabel('Time (min)','fontsize',12,'fontweight','b','rotation',-38) 
zlabel('Impregnated ratio (chemical:sludge)','fontsize',12,'fontweight','b') 
axis square %make axis box square (cubic) 
axis tight% for RV change to axis([600 900 20 220 0.5 3.5]), can use axis tight 
axis([-1 1 -1 1 -1 1])% for RV change to axis([600 900 20 220 0.5 3.5]), can use axis tight 
xlab1 = get(gca,'xlabel');  
set(xlab1,'Position',get(xlab1,'Position') - [0.7 0 -0.5]) %1st go left or right, 3rd close to axis 
(up/down) 
ylab1 = get(gca,'ylabel');  
set(ylab1,'Position',get(ylab1,'Position') - [-0.5 0 0])%for move up,down 
hold on 
  
subplot(1,10,[4.25 6.25]) 
x1slice = [0]; x2slice = []; x3slice = [];%chage to code if want to plot in code value 
S2model=slice(x1,x2,x3,RESPONSE,x1slice,x2slice,x3slice); 
set(S2model,'EdgeColor','none') 
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axis square %make axis box square (cubic) 
axis tight% for RV change to axis([600 900 20 220 0.5 3.5]), can use axis tight 
axis([-1 1 -1 1 -1 1])% for RV change to axis([600 900 20 220 0.5 3.5]), can use axis tight 
xlabel('Temperature (^oC)','fontsize',12,'fontweight','b','rotation',25) 
ylabel('Time (min)','fontsize',12,'fontweight','b','rotation',-38) 
xlab2 = get(gca,'xlabel');  
set(xlab2,'Position',get(xlab2,'Position') - [0.6 -0.2 -0.3])  
ylab2 = get(gca,'ylabel');  
set(ylab2,'Position',get(ylab2,'Position') - [-0.5 0 0]) %for move up,down 
hold on 
  
subplot(1,10,[7.5 9.5]) 
x1slice = [1]; x2slice = []; x3slice = [];%chage to code if want to plot in code value 
S3model=slice(x1,x2,x3,RESPONSE,x1slice,x2slice,x3slice); 
set(S3model,'EdgeColor','none') 
axis square %make axis box square (cubic) 
axis tight% for RV change to axis([600 900 20 220 0.5 3.5]), can use axis tight 
axis([-1 1 -1 1 -1 1])% for RV change to axis([600 900 20 220 0.5 3.5]), can use axis tight 
xlabel('Temperature (^oC)','fontsize',12,'fontweight','b','rotation',25) 
ylabel('Time (min)','fontsize',12,'fontweight','b','rotation',-38) 
xlab3 = get(gca,'xlabel');  
set(xlab3,'Position',get(xlab3,'Position') - [0 -1 0.3])  
ylab3 = get(gca,'ylabel');  
set(ylab3,'Position',get(ylab3,'Position') - [-0.3 0.3 -0.3]) %for move up,down 
hold on 
  
hbar=colorbar;  
set(hbar, 'Position', [.9 .28 .025 .5])  
ylabel(hbar,'BET SA (m^2/g)','fontsize',12,'fontweight','b'); 
hold on 
  
 
%%%%%%%%%%%%%%%%%%end%%%%%%%%%%%%%%%%%%%%%% 
 
Response result 
 
Ymod = 
   
     
 
575.3 
 
 
1479 
 
 
992.8 
 
 
776 
 
 
523.8 
 
 
971.2 
 
 
874.6 
 
 
1114.1 
 
 
1341.3 
 
 
1142.4 
 
 
1531.9 
 
 
1445.4 
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1609.2 
 
 
1609.2 
 
 
1609.2 
 
 
1609.2 
 
     
     Regression ANOVA 
   
     Source DF SS MS F 
Model 9 2177114 241901.5 5.6534 
Residual 6 256732.1 42788.68 
 Lack_of_fit 3 248483.1 82827.68 30.12278 
Pure_error 3 8249.008 2749.669 
 Total 15 2433846 
  
     Std.Dev.(RMSE) 206.8542 
   Mean 1200.288 
   C.V. 17.23372 
   R2 0.894516 
   adj-R2 0.73629 
   pred-R2 -0.63954 
   PRESS 3990394 
   
     
     CoeffTable = 
   
     
 
Coef StdErr tStat pVal 
Intercept 1609.2 103.43 15.559 4.46E-06 
X1 171.7 73.134 2.3481 0.057208 
X2 -71.4 73.134 -0.97561 0.36694 
X3 123.4 73.134 1.6873 0.14251 
X1X2 -280.1 103.43 -2.7084 0.035179 
X1X3 -52.0 103.43 -0.50253 0.6332 
X2X3 28.1 103.43 0.27193 0.79479 
X1
2 -573.9 103.43 -5.5486 0.001448 
X2
2 -79.6 103.43 -0.76938 0.47086 
X3
2 -164.4 103.43 -1.5898 0.16299 
     
     max_val = 
   
     
 
1698.50 
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12.3 APPENDIX III: NITROGEN GAS ADSORPTION CALCULATION 
 
Given an example of AW DMAD SBA, in Chapter 7, produced by K2CO3 activation with the 
impregnation ratio of 1:1 at the temperature of 750oC and activation dwell time of 60 mins. 
Sample ID: DM+K2CO3/750-A; 
 
Adsorption and Desorption isotherm 
 
The adsorption/desorption data and the relative vapour pressure are the basic data for further 
calculation of SA and pore size structure. The sample data of adsorption-desorption and 
relative vapour pressure short list obtained from the N2 gas adsorption is shown in Table 12-3 
and a plot is shown in Figure 12-2. 
 
Table 12-2 Adsorption/desorption data of DM+K2CO3/750-A 
P/P0 
Adsorption 
volume (cm3/g) 
Desorption 
volume (cm3/g) P/P0 
Adsorption 
volume (cm3/g) 
Desorption 
volume (cm3/g) 
0.00001 12.2 
 
0.006 241.5 
 0.00002 22.2 
 
0.007 245.5 
 0.00003 32.2 
 
0.008 249.2 
 0.00004 42.6 
 
0.009 252.4 
 0.00005 53.3 
 
0.01 255.5 
 0.00006 63.5 
 
0.02 277.9 
 0.00007 73.1 
 
0.03 293.9 
 0.00008 81.9 
 
0.04 306.8 
 0.00009 89.6 
 
0.05 317.9 
 0.0001 96.6 
 
0.06 327.6 
 0.0002 136.5 
 
0.07 336.3 
 0.0003 154.8 
 
0.08 344 
 0.0004 166 
 
0.09 351 
 0.0005 174 
 
0.1 357.4 
 0.0006 180.1 
 
0.2 397.6 400 
0.0007 185 
 
0.3 418.9 418.9 
0.0008 189 
 
0.4 436.6 436.9 
0.0009 192.5 
 
0.5 454.8 461.4 
0.001 195.5 
 
0.6 475.7 485.3 
0.002 214 
 
0.7 502 517 
0.003 224.1 
 
0.8 539.9 564.1 
0.004 231.2 
 
0.9 608.3 651.8 
0.005 236.8   0.978 780.3 777.4 
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Figure 12-1 Nitrogen gas adsorption/desorption isotherm of DM+K2CO3/750-A 
 
 
Figure 12-2 Adsorption liquid volume of DM+K2CO3/750-A 
 
The total pore volume was obtained by converting the amount of nitrogen adsorbed  at a 
relative pressure of 0.98, in to the liquid nitrogen volume. From the adsorption data in Table 
12-3, at the relative pressure of 0.98 represent the volume adsorbed is 780.3 cm3/g at STP. 
Thus, converting this value into liquid nitrogen volume as follows; 
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22414
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3.78098.0/ 0

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where; 
1 nitrogen mol (N2) is 28.0 g/mol 
Liquid density of nitrogen at 77 K is 0.8 g/cc 
1 mol of any gas at STP occupies a volume of 22.414 L ≡ 22414 ml ≡ 22414 cc 
BET plot and the determination of specific SA  
 
The value of the plot of relative pressure (P/P0) and volume adsorbed (V) enable the  plotting 
ofa graph to determine SA, using the BET equation 1-15 or 1-16 (see Chapter 1). A plot of 
1)/(
1
0 PPV
against 
0P
P
giving a straight line having a slope of 




 
CV
C
m
1
 and intercept of
CVm
1
 
and from this, Vm and C can be determined. A plot of 
1)/(
1
0 PPV
against
0P
P
obtained from 
DM+K2CO3/750-A adsorption data is shown in Figure 12-3. 
 
 
Figure 12-3 BET plot of DM+K2CO3/750-A 
 
Choosing the range for the BET calculation should include the portion of the isotherms with 
the KNEE (point B), where the monolayer is formed, to ensure consistent results. From this 
example, the P/Po range at the relative pressure of 0.03 to 0.13 was chosen and the intercept, 
slope and C value are report by automatic software calculation from the Omnisorp. Note that 
y = 0.0029x + 0.000018
R
2
 = 1.0000
0
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the technique of choosing the range of BET calculation is aiming for a positive intercept and 
C value with an R2 value of 0.999 or better. The results obtained from the software are shown 
in the Table 12-3. 
 
Table 12-3 BET SA and parameters of DM+K2CO3/750-A determined based on linear 
portion 
BET plot intercept, 1/VmC 0.000018 
BET plot slope, (C-1)/(VmC) 0.00292 
BET C_value, C 157.98 
R2 1.0000 
Volume adsorbed, Vm (P/P0 range is from 0.03 to 0.13) 339.37 ml/g 
BET SA, S 1476.2 m2/g 
 
Solving two equation and two variables, these enable the values of C and Vm to be 
determined, then the specific SA or total SA is determined using the Equation 1-17 (see 
Chapter 1). 
 
 
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cc
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g
STPatcc
aNVS mAmBET
/6.1476
1062.11002.6
22414
1
37.339
2
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



  
where; 
SBET is the specific SA of solid (m
2/g) 
am is the molecular cross-sectional area (m
2/molecule),  
       (am of N2 at 77 K = 16.2 Å2/molecule = 0.162 nm2/molecule  = 1.62 x 10-19 m2/molecule) 
NA is the Avogadro number ≡ 6.02 x 1023 (molecule/mole) and from this definition that 1 mol 
of any gas at STP occupies a volume of 22.414 L ≡ 22414 ml ≡ 22414 cc 
 
T-plot and the determination of external SA, micropore volume and Micropore SA 
 
The t-plot graph was plotted by film thickness against the Volume adsorbed. The film 
thickness is calculated using the Harkins-Jura adsorption equation and standard isotherm data. 
The Harkins-Jura equation is as follow; 
  
2/1
0 )/log(034.0
99.13








PP
t  
where; 
t is thickness of adsorbed film on the pore walls (Å) 
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The thickness of a monomolecular layer of nitrogen in case of hexagonal close-packing of 
nitrogen molecule is 3.54 Å. 
 
 
Figure 12-4 t-plot of DM+K2CO3/750-A 
 
The t-plot graph presented two linear regions. The 1st linear region represents both micropore 
filling and surface coverage of larger pores. The 2nd linear region gives the layer-by-layer 
adsorption occur in meso & macropores only, not in micropores. Thus, the 2nd linear region is 
enabling to calculate the meso & macropores SA and the micropore volume. The 1st linear 
region can be probably used to determine the total pore volume, which the values can be 
comparable to the BET SA. 
 
From the-t plot graph obtained from the Omnisorp software, the range of film thickness in the 
2nd linear region was chosen between 6-9 Å giving a good fit R2 of 1.0000. A set of T-plot 
analysis data was then calculated by the software and the results are shown in the Table 12-4; 
 
Table 12-4 t-plot analysis data of DM+K2CO3/750-A 
t-plot intercept 312.03 
t-plot slope, V/t 22.101 
R2 1.0000 
Micropore volume, Vmic 0.4868 ml/g 
Film thickness used is from 6 to 9 Å   
T-plot SA (meso & macropores only) 341.9 m2/g 
* Note that the values obtained from the software and the real calculation obtained from the adsorption data has a 
small variation in the decimal places due to the calculation process.  
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2
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The real calculation method to determine the micropore volume and meso&macropore SA 
are shown as followed; 
 

t
V
V
m
  
or 


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



t
V
Vm   
 
The plot of V against t is given an initial slope, which is V/t, and thus knowing the monolayer 
coverage, thus the meso & macropore SA is simply calculated from; 
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where; 
Smeso&macro is the external SA, including meso & macropores SA (m
2/g) 
V is the volume of gas adsorbed at the relative pressure P/P0 (cc at STP/gram) 
Vm is the volume of gas adsorbed at monolayer (cc at STP/gram) 
 
The micropore volume is calculated by multiplying the graph intercept by ratio of the gas and 
liquid densities of the adsorbate, which providing the micropore volume in cc/gram of solid as 
follow; 
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Note that from this method, it is also possible to determine the total SA (Stotal) from the slope 
of the 1st linear region as well. From the t-plot graph, choosing the film thickness between 
2.99 to 3.68, yielded a slope of 93.73 (V/t) with the R2 of 0.9986 and thus the total SA can be 
calculated as followed; 
 
g
m
m
A
x
Agram
STPatcc
x
STPatcc
m
xSTotal
2
103
9
0.1450
1
101
73.9310547.1







 
 
 
Note that the value is very similar to SBET, which is equivalent to 1476.2 m
2/g. Unfortunately, 
normally the 1st linear region for most of the samples are very small and this make it very 
difficult to locate the accurate range. Therefore, the SBET is normally used to present the total 
SA of samples.  
 
Therefore, from this micropore SA (Smic)can be obtained by subtracting the mesopore and 
macropore SA (Smeso&macro) from the total SA (SBET) [52]. The calculation is as followed; 
 
g
m
SSS macromesoBETmic
2
& 3.11349.3412.1476   
 
The Meso & Macropore volume can be calculated using the micropore volume from t-plot 
and the total volume of liquid nitrogen adsorbed at P/P0 of 0.98. The calculation is as 
followed; 
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𝑉𝑚𝑒𝑠𝑜&𝑚𝑎𝑐𝑟𝑜 = 𝑉𝑃
𝑃0
=0.98
− 𝑉𝑚𝑖𝑐 = 1.217 − 0.4868 = 0.7302 𝑚𝑙/𝑔 
 
BJH method for the determination of Mesopore size distribution 
 
Table 12-5 PV summary of DM+K2CO3/750-A 
Pore radius (Å) PV (cc/g) % 
4000-3500 0 0 
3500-3000 0 0 
3000-2500 0 0 
2500-2000 0 0 
2000-1800 0 0 
1800-1600 0 0 
1600-1400 0 0 
1400-1200 0 0 
1200-1000 0 0 
1000-900 0 0 
900-800 0 0 
800-700 0 0 
700-600 0 0 
600-500 0 0 
500-400 0 0 
400-300 0.10360 14.31 
300-200 0.07530 10.40 
200-100 0.06382 8.81 
100-50 0.05317 7.34 
50-40 0.18150 25.06 
40-30 0.18090 24.98 
30-20 0.05584 7.71 
20-10 0.01003 1.39 
Total PV above 10 Å 0.72416 100 
 
The results of pore size distribution between the pore radius above 1 nm and the PV are 
determined by the BJH calculation method. The calculation method is not shown here as the 
result is calculated out directly from the approved software and no selection calculation range 
require like BET and t-plot methods. The calculation methods to derive these values are 
shown elsewhere [52, 78]. The results are shown in Table 12-5. 
 
From the table it can be seen that the meso & macropore volume (pore diameter over 2 nm) is 
0.7242 ml/g and it is interesting to note that the mesopore volume calculated by this method is 
very similar to meso & macropore volume calculated by the different between the total 
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volume adsorbed of standard isotherm at the relative pressure 0.98 and the micropore volume 
using t-plot method, which gives the value of meso & macropore volume of 0.7302 ml/g. 
 
Horváth and Kawazoe method for Micropore size distribution 
 
Micropore size distribution was determined automatically using approved software based on 
Equation 1-23 and Equation 1-24 (see Chapter 1) using adsorbent and adsorbate based on 
carbon and nitrogen gas adsorption system. The result of micropore size distribution 
(derivative) versus effective pore diameter is shown in Figure 12-5.  
 
 
Figure 12-5 Horvath & Kawazoe Differential micropore size distribution of DM+K2CO3/750-
A 
 
12.4 APPENDIX IV: BISPHENOL A ADSORPTION CALCULATION  
 
12.4.1 Fitted model equation calculation of Freundlich, Langmuir and Temkin 
 
Giving an example of chemically activated DMAD sludge with K2CO3 with the impregnation 
ratio of 1:1 carbonized at 750oC and activation dwell time of 60 mins and washed with HCl; 
sample ID: DM+K2CO3/750-A  (see Chapter 7). After the BPA adsorption experiments 
following the method described in section 3.2.10.3, the adsorption data points were 
determined from UV and other adsorption results and are shown in Table 12-6. The 
2.1 
d
W
/d
R
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calculation of the adsorption data were based on the ASTM test method and each adsorption 
model calculation (Freundlich, Langmuir and Temkin).  
 
Table 12-6 BPA adsorption data of DM+K2CO3/750-A 
No Ce Co X M (g) X/M=qexp 1/(X/M) 1/Ce log(X/M) log(Ce) ln(Ce) Ce/(X/M) 
1 13.194 30.398 1.720 0.0050 344.080 0.003 0.076 2.537 1.120 2.580 0.038 
2 26.963 45.048 1.809 0.0049 369.082 0.003 0.037 2.567 1.431 3.294 0.073 
3 40.231 60.327 2.010 0.0050 401.920 0.002 0.025 2.604 1.605 3.695 0.100 
4 55.320 75.029 1.971 0.0049 402.224 0.002 0.018 2.604 1.743 4.013 0.138 
5 68.213 90.130 2.192 0.0050 438.340 0.002 0.015 2.642 1.834 4.223 0.156 
6 78.345 100.566 2.222 0.0049 453.490 0.002 0.013 2.657 1.894 4.361 0.173 
 
From the equation 1-5 in section 1.3.1.2, then applied on the first adsorption data point in 
Table 12-6, 
 
pointdatafirsttheusing/080.334
0050.0
1.0194.131.0398.30




 gmg
xx
M
VCVC
M
X ec  
 
After obtained all of the X/M data point of this SBA, the value of 1/(X/M), 1/Ce, log(X/M), 
log(Ce), ln(Ce) and Ce/(X/M) were then determined in order to give linear plots of the 
Freundlich, Langmuir (Eq.1-10 and 1-9) and Temkin model fitted equation. After the linear 
plot for each adsorption models were carried out, the slope, intercept and R2 values of each 
adsorption model linear line was then obtained and are shown in Table 12-7. The RL value for 
Langmuir isotherm was calculated by assuming the initial concentration (C0) to 100.941 (max 
value from all the used of initial concentration in Chapter 7). 
 
Table 12-7 Freundlich, Langmuir and Temkin parameter for fitted model equations for 
DM+K2CO3/750-A 
Freundlich Langmuir (Eq. 1-10) Langmuir (Eq. 1-9)  Temkin 
log k 2.3614 1/Q 0.0022 1/Q 0.0021 R(j/mol K) 8.314 
k  229.826 Q 454.545 Q 476.190 T (Kelvin) 293 
1/n 0.1499 1/Qb 0.0101 1/Qb 0.0156 RT/b 58.955 
n 6.671 b 0.218 b 0.1346 b 41.32 
R2 0.938 R2 0.844 R2 0.992 RT/b(lnA) 183.73 
  
RL 0.043 RL 0.069 ln(A) 3.116 
      
A 22.566 
            R2 0.921 
From the value in Table 12-7, the model fitted equation for Freundlich, Langmuir and Temkin 
are shown in the following equation respectively.  
 
𝑞𝑒 = 229.826𝐶𝑒
0.150                    𝐹𝑟𝑒𝑢𝑛𝑑𝑙𝑖𝑐ℎ  
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These predicted model equations were used to plot the line to fit the adsorption data and also 
used to calculate the amount of adsorbate adsorbed from solution per unit mass of adsorbent 
which were predicted by the model equation (qe,mod).  
 
12.4.2 Error analysis and estimation of deviation from isotherm models 
 
Error analysis was carried out in addition to the R2 value in order to compare the validity of 
isotherm equations more definitely. In this case the Mean of relative predicted error or 
Normalized deviation (P), which is used for indicating the goodness-of-fit of the adsorption 
model, can be calculated by using Equation 12-1 [58, 223-225, 331]; 
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Equation 12-1 
where, 
 
qe,exp is the amount of adsorbate adsorbed from solution per unit mass of adsorbent derived 
from the experiment. 
qe,mod is the amount of adsorbate adsorbed from solution per unit mass of adsorbent derived 
from the each fitted model equation. 
N is the number of data points used for fitted each adsorption model. 
 
All of the data points which were used to produce the adsorption isotherms were subjected to 
percent deviation calculation, based on the predicted value from each fit model isotherm 
(Langmuir, Freundlich and Temkin). The percent deviation of each adsorption data points 
were calculated using Equation 10-2 [58]; 
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Equation 12-2
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12.4.3 Calculation of Bisphenol A SA 
 
Specific SA of adsorbent as determined by the adsorption capacity by the monolayer of BPA 
can be calculated by using the Equation 1-17 as described in section 1.3.3.1 [56, 332, 333]; 
 
3
max 10
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xQx
M
aN
S
aNVS
BPA
BPAA
BPA
mAm
 
where; 
 
SBPA is the specific SA calculated by using BPA molecule (m2/g) 
 
Vm is the maximum adsorption capacity corresponding to complete monolayer coverage, 
which in this case equivalent to the Q or Qmax value obtained from the Langmuir model (mg/g 
or mmol/g) 
 
NA is the Avogadro’s number (6.02 x 1023 molecule/mol) 
 
am or aBPA is the molecular cross-sectional area of BPA (1.08 x 10
-18 m2/molecule); the aBPA 
value in this case can be varied depending on the orientation of the adsorbed BPA molecules.  
As mentioned earlier, the BPA molecule has a tetrahedral shape with the largest distance 
between the hydroxyl group of 0.94 nm, height 0.53 nm and the benzene ring width of 0.43 
nm and the SA of 4.32 nm2 [118]. Regarding the data of width, height and length of the BPA 
molecule, it is still not possible  to determine each plan SA of the BPA molecule as the angle 
between each bond was not present. Therefore, from the SA data of the BPA molecule and by 
using the average plan SA, the am value is equal to 1.08 nm
2/molecule, which derived from 
the SA of BPA molecule divided by the number of plan surface of the tetrahedral molecule.  
 
12.4.4 Freundlich, Langmuir and Temkin adsorption isotherm (linear regression) 
 
12.4.4.1 Plots of  the Bisphenol A adsorption isotherms by sludge chars (Chapter 4) 
 
Freundlich, Langmuir (equation 1-10), Langmuir (equation 1-9) and Temkin linear isotherms 
of BPA adsorption onto DMAD chars are shown in Figure 12-6a)-d) and onto DRAW sludge 
chars in Figure 12-7a)-d).  
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Figure 12-6 Freundlich, Langmuir and Temkin linear isotherms of BPA adsorption by 
DMAD chars 
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Figure 12-6 (continued) Freundlich, Langmuir and Temkin linear isotherms of BPA 
adsorption by DMAD chars  
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Figure 12-7 Freundlich, Langmuir and Temkin linear isotherms of BPA adsorption by 
DRAW chars 
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Figure 12-7 (continued) Freundlich, Langmuir and Temkin linear isotherms of BPA 
adsorption by DRAW chars 
 
12.4.4.2 Plot of Bisphenol A adsorption isotherms by SASAs (Chapter 5) 
 
Freundlich, Langmuir (equation 1-10), Langmuir (equation 1-9) and Temkin linear isotherms 
of BPA adsorption onto SAMS are shown in Figure 12-8a)-h) and onto SARS in Figure 12-
9a)-h).  
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Figure 12-8 Freundlich, Langmuir and Temkin linear isotherms of BPA adsorption by 
DMAD SASAs 
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Figure 12-8 (continued) Freundlich, Langmuir and Temkin linear isotherms of BPA 
adsorption by DMAD SASAs 
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Figure 12-8 (continued) Freundlich, Langmuir and Temkin linear isotherms of BPA 
adsorption by DMAD SASAs 
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Figure 12-8 (continued) Freundlich, Langmuir and Temkin linear isotherms of BPA 
adsorption by DMAD SASAs 
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Figure 12-9 Freundlich, Langmuir and Temkin linear isotherms of BPA adsorption by 
DRAW SASAs 
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Figure 12-9 (continued) Freundlich, Langmuir and Temkin linear isotherms of BPA 
adsorption by DRAW SASAs 
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Figure 12-9 (continued) Freundlich, Langmuir and Temkin linear isotherms of BPA 
adsorption by DRAW SASAs 
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Figure 12-9 (continued) Freundlich, Langmuir and Temkin linear isotherms of BPA 
adsorption by DRAW SASAs 
 
 
12.4.4.3 Plot of Bisphenol A adsorption isotherms by K2CO3 chemically activated sludge 
(Chapter 6)  
 
Freundlich, Langmuir (equation 1-10), Langmuir (equation 1-9) and Temkin linear isotherms 
of BPA adsorption onto water washed DMAD SBAs, produced by K2CO3 chemical 
activation, are shown in Figure 12-10a)-d) and onto AW DMAD SBAs in Figure 12-11a)-d).  
 
y = 3.1047x + 0.0533
R² = 0.917
y = 6.3357x + 20.524
R² = 0.9775
y = 6.247x + 14.158
R² = 0.9909
y = 9.3459x + 42.961
R² = 0.9944
y = 9.7478x + 30.626
R² = 0.99
y = 9.2419x + 29.606
R² = 0.9732
0
10
20
30
40
50
60
70
80
90
100
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
X
/M
ln Ce
SR1(750/20)
SR2(900/20)
SR3(750/100)
SR4(900/100)
SR5(825/60)
SR6(825/60)
g) Temkin
y = 3.3049x - 2.3677
R² = 0.9103
y = 8.1859x + 39.338
R² = 0.9818
y = 2.4262x - 1.1363
R² = 0.9306
y = 10.13x + 46.76
R² = 0.9959
y = 8.0554x + 33.237
R² = 0.9965
y = 8.6879x + 31.321
R² = 0.9923
0
10
20
30
40
50
60
70
80
90
100
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
X
/M
ln Ce
SR7(719/60)
SR8(931/60)
SR9(825/3)
SR10(825/117)
SR11(825/60)
SR12(825/60)
h) Temkin
  413 
 
 
 
  
 
Figure 12-10 Linear isotherms of Bisphenol A adsorption onto water washed DMAD SBAs 
produced by K2CO3 chemical activation 
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Figure 12-10 (continued) Linear isotherms of Bisphenol A adsorption onto water washed 
DMAD SBAs produced by K2CO3 chemical activation  
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Figure 12-11 Linear isotherms of Bisphenol A adsorption onto AW DMAD SBAs produced 
by K2CO3 chemical activation 
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b) Langmuir (Eq.1-10)
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Figure 12-11 (continued) Linear isotherms of Bisphenol A adsorption onto water washed 
DMAD SBAs produced by K2CO3 chemical activation  
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12.4.4.4 Plot of Bisphenol A adsorption isotherms by chemically activated sludge (Chapter 7) 
 
Freundlich, Langmuir (equation 1-10), Langmuir (equation 1-9) and Temkin linear isotherms 
of BPA adsorption onto AW SBAs, produced by various chemical activation, are shown in 
Figure 12-12a)-l) to Figure 12-15a)-l), respectively and onto water washed SBAs in Figure 
12-16a)-k) to Figure 12-19a)-k), respectively. 
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Figure 12-12 Freundlich linear isotherms of Bisphenol A adsorption onto AW DMAD SBAs produced by various chemical activation 
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Figure 12-12 (continued) Freundlich linear isotherms of Bisphenol A adsorption onto AW SBAs produced by various chemical activations 
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Figure 12-12 (continued) Freundlich linear isotherms of Bisphenol A adsorption onto AW SBAs produced by various chemical activations 
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Figure 12-13 Langmuir linear isotherms (Eq.1-10) of Bisphenol A adsorption onto AW SBAs produced by various chemical activations 
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Figure 12-13 (continued) Langmuir linear isotherms (Eq.1-10) of Bisphenol A adsorption onto AW SBAs produced by various chemical activations 
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Figure 12-13 (continued) Langmuir linear isotherms (Eq.1-10) of Bisphenol A adsorption onto AW SBAs produced by various chemical activations 
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Figure 12-14 Langmuir linear isotherms (Eq.1-9) of Bisphenol A adsorption onto AW SBAs produced by various chemical activations 
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Figure 12-14 (continued) Langmuir linear isotherms (Eq.1-9) of Bisphenol A adsorption onto AW SBAs produced by various chemical activations 
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Figure 12-14 (continued) Langmuir linear isotherms (Eq.1-9) of Bisphenol A adsorption onto AW SBAs produced by various chemical activations 
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Figure 12-15 Temkin linear isotherms of Bisphenol A adsorption onto AW SBAs produced by various chemical activations 
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Figure 12-15 (continued) Temkin linear isotherms of Bisphenol A adsorption onto AW SBAs produced by various chemical activations 
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Figure 12-15 (continued) Temkin linear isotherms of Bisphenol A adsorption onto AW SBAs produced by various chemical activations 
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Figure 12-16 Freundlich linear isotherms of Bisphenol A adsorption onto WW SBAs produced by various chemical activations 
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Figure 12-16 (continued) Freundlich linear isotherms of Bisphenol A adsorption onto WW SBAs produced by various chemical activations 
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Figure 12-16 (continued) Freundlich linear isotherms of Bisphenol A adsorption onto water washed SBAs produced by various chemical activations 
y = 0.9617x - 0.3991
R
2
 = 0.9884
y = 0.3988x + 0.8056
R
2
 = 0.9805
y = 0.3504x + 1.0691
R
2
 = 0.9745
y = 0.3285x + 1.1947
R
2
 = 0.9957
0
0.5
1
1.5
2
2.5
3
0 0.5 1 1.5 2 2.5
log Ce
lo
g
 (
X
/M
)
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
y = 1.0113x - 0.3431
R
2
 = 0.9664
y = 0.3451x + 1.2136
R
2
 = 0.9862
y = 0.358x + 1.1622
R
2
 = 0.9788
y = 0.2854x + 1.2744
R
2
 = 0.9836
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0.0 0.5 1.0 1.5 2.0 2.5
log Ce
lo
g
 (
X
/M
)
450°C 600°C 750°C 900°C
Linear (450°C) Linear (900°C) Linear (600°C) Linear (750°C)
y = 1.0842x - 0.9638
R
2
 = 0.98
y = 0.8647x - 0.1389
R
2
 = 0.9696
y = 0.3623x + 1.0434
R
2
 = 0.9917
y = 0.3295x + 1.2267
R
2
 = 0.9838
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0.0 0.5 1.0 1.5 2.0 2.5
log Ce
lo
g
 (
X
/M
)
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
y = 1.2062x - 1.3467
R
2
 = 0.803
y = 0.7592x - 0.3492
R
2
 = 0.9383
y = 0.4917x + 0.2817
R
2
 = 0.9638
y = 0.4618x + 0.563
R
2
 = 0.9867
0.0
0.5
1.0
1.5
2.0
2.5
3.0
0.0 0.5 1.0 1.5 2.0 2.5
log Ce
lo
g
 (
X
/M
)
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
k) DM+HNO3/(450-900)-W j) DM+KCl/(450-900)-W 
i) DM+MgCl2/(450-900)-W h) DM+CaCl2/(450-900)-W 
  433 
 
Figure 12-17 Langmuir linear isotherms (Eq.1-10) of Bisphenol A adsorption onto water washed SBAs produced by various chemical activations 
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Figure 12-17 (continued) Langmuir linear isotherms (Eq.1-10) of Bisphenol A adsorption onto water washed SBAs produced by various chemical 
activations 
y = 0.7655x + 0.0393
R
2
 = 0.9512
y = 5.2612x + 0.0102
R
2
 = 0.9493
y = 0.7912x + 0.0358
R
2
 = 0.9888
y = 0.0394x + 0.0133
R
2
 = 0.8116
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
1/Ce
1
/(
X
/M
)
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
y = 1.0198x + 0.0257
R
2
 = 0.967
y = 9.9498x - 0.086
R
2
 = 0.9909
y = 6.5372x + 0.0771
R
2
 = 0.7766
y = 0.1641x + 0.0205
R
2
 = 0.8315
0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
1/Ce
1
/(
X
/M
)
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
y = 0.5099x + 0.0395
R
2
 = 0.9831
y = 0.0647x + 0.0139
R
2
 = 0.8864
y = 0.0164x + 0.0084
R
2
 = 0.867
y = 0.0099x + 0.0062
R
2
 = 0.9326
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
1/Ce
1
/(
X
/M
)
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
g) DM+FeCl3/(450-900)-W 
f) DM+H3PO4/(450-900)-W 
e) DM+K3PO4·H2O/(450-900)-W 
  435 
 
 
Figure 12-17 (continued) Langmuir linear isotherms (Eq.1-10) of Bisphenol A adsorption onto water washed SBAs produced by various chemical 
activations 
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Figure 12-18 Langmuir linear isotherms (Eq.1-9) of Bisphenol A adsorption onto water washed SBAs produced by various chemical activations 
 
y = 0.0233x + 1.3712
R² = 0.6389
y = 0.0144x + 0.2342
R² = 0.9602
y = 0.0043x + 0.0229
R² = 0.989
y = 0.0063x + 0.0409
R² = 0.9959
0
4
8
12
16
0 20 40 60 80 100
C
e/
(X
/M
)
Ce
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
a) DM+K2CO3/(450-900)-W
y = 0.0267x + 0.5453
R² = 0.9687
y = 0.0238x + 0.3126
R² = 0.9578
y = 0.003x + 0.0037
R² = 0.9988
y = 0.0034x + 0.0131
R² = 0.9957
0
4
8
12
16
0 20 40 60 80 100
C
e/
(X
/M
)
Ce
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
b) DR+K2CO3/(450-900)-W
y = 0.0244x + 0.4595
R² = 0.9526
y = 0.0219x + 0.4043
R² = 0.9483
y = 0.0066x + 0.0177
R² = 0.9935
y = 0.0161x + 0.3064
R² = 0.9467
0
4
8
12
16
0 20 40 60 80 100
C
e/
(X
/M
)
Ce
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
c) DM+KOH/(450-900)-W
y = 0.0132x + 0.2776
R² = 0.9607
y = 0.0136x + 0.1423
R² = 0.9652
y = 0.0039x + 0.0073
R² = 0.9987
y = 0.0099x + 0.0478
R² = 0.9847
0
4
8
12
16
0 20 40 60 80 100
C
e/
(X
/M
)
Ce
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
d) DR+KOH/(450-900)-W
  437 
 
            
Figure 12-18 (continued) Langmuir linear isotherms (Eq.1-9) of Bisphenol A adsorption onto water washed SBAs produced by various chemical 
activations 
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Figure 12-18 (continued) Langmuir linear isotherms (Eq.1-9) of Bisphenol A adsorption onto water washed SBAs produced by various chemical 
activations 
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Figure 12-19 Temkin linear isotherms of Bisphenol A adsorption on to water washed SBAs produced by various chemical activations  
 
y = 8.7377x - 13.973
R
2
 = 0.803
y = 11.021x + 8.3146
R
2
 = 0.8186
y = 20.291x + 57.664
R
2
 = 0.9772
y = 23.591x + 114.41
R
2
 = 0.9189
0
50
100
150
200
250
300
350
400
450
500
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
ln Ce
X
/M
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (900°C) Linear (750°C)
y = 7.7431x - 4.1366
R
2
 = 0.9226
y = 7.4584x + 3.5952
R
2
 = 0.812
y = 23.023x + 237.38
R
2
 = 0.9584
y = 30.916x + 150.53
R
2
 = 0.9745
0
50
100
150
200
250
300
350
400
450
500
-1 0 1 2 3 4 5
ln Ce
X
/M
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
y = 8.771x - 4.868
R
2
 = 0.8761
y = 9.5486x - 4.4721
R
2
 = 0.866
y = 10.764x + 2.0382
R
2
 = 0.816
y = 15.242x + 82.867
R
2
 = 0.8467
0
50
100
150
200
250
300
350
400
450
500
0 1 2 3 4 5
ln Ce
X
/M
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (900°C) Linear (750°C)
y = 15.332x - 7.6236
R
2
 = 0.9098
y = 11.093x + 16.242
R
2
 = 0.79
y = 14.47x + 185.58
R
2
 = 0.9849
y = 12.526x + 41.768
R
2
 = 0.8103
0
50
100
150
200
250
300
350
400
450
500
0 1 2 3 4 5
ln Ce
X
/M
450°C 600°C 750°C 900°C
Linear (450°C) Linear (600°C) Linear (750°C) Linear (900°C)
d) DR+KOH/(450-900)-W 
b) DR+K2CO3/(450-900)-W a) DM+K2CO3/(450-900)-W 
c) DM+KOH/(450-900)-W 
  440 
 
            
Figure 12-19 (continued) Temkin linear isotherms of Bisphenol A adsorption onto water washed SBAs produced by various chemical activations 
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Figure 12-19 (continued) Temkin linear isotherms of Bisphenol A adsorption onto water washed SBAs produced by various chemical activations 
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Figure 12-20  Adsorption isotherms for BPA exhibited by chemically activated and WW 
SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
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Figure 12-20 (continued) Adsorption isotherms for BPA exhibited by chemically activated 
and WW SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
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Figure 12-20 (continued) Adsorption isotherms for BPA exhibited by chemically activated 
and WW SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
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Figure 12-20 (continued) Adsorption isotherms for BPA exhibited by chemically activated 
and WW SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
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Figure 12-20 (continued) Adsorption isotherms for BPA exhibited by chemically activated 
and WW SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
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Figure 12-20 (continued) Adsorption isotherms for BPA exhibited by chemically activated 
and WW SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
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Figure 12-21 Adsorption isotherms for BPA exhibited by chemically activated and AW 
SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
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Figure 12-21 (continued) Adsorption isotherms for BPA exhibited by chemically activated 
and AW SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
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Figure 12-21 (continued) Adsorption isotherms for BPA exhibited by chemically activated 
and AW SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
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Figure 12-21 (continued) Adsorption isotherms for BPA exhibited by chemically activated 
and AW SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
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Figure 12-21 (continued) Adsorption isotherms for BPA exhibited by chemically activated 
and AW SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
0
20
40
60
80
100
120
0 20 40 60 80 100
q
e
(m
g
/g
)
Ce (mg/l)
i) DM+CaCl2/(450-900)-A
0
20
40
60
80
100
120
140
0 20 40 60 80 100
q
e
(m
g
/g
)
Ce (mg/l)
j) DM+MgCl2/(450-900)-A
  453 
 
 
 
 
 
 
Figure 12-21 (continued) Adsorption isotherms for BPA exhibited by chemically activated 
and AW SBAs: experiment data ● 450°C, ■ 600°C, ▲750°C, ♦ 900°C; calculated from  -----
Freundlich,  – – – Langmuir, —– Temkin model equations 
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12.4.4.5 Parameter fitted to Freundlich, Langmuir and Temkin model equations of BPA adsorption onto SBAs (Chapter 7) 
 
Table 12-8 Parameter of Freundlich, Langmuir and Temkin model equation and pH after BPA adsorption onto WW SBAs  
ID/Carbonized&  Freundlich      Langmuir, 1/(X/M) vs 1/Ce      Langmuir, Ce/(X/M) vs. Ce      Temkin      pH after 
Activated temp k  1/n R2 P   Q b RL R
2 P   Q b RL R
2 P   RT/b=B A R2 P   adsorption 
DM+K2CO3/450-W 2.50 0.52 0.857 11.54 
 
27.62 0.044 0.184 0.798 16.91 
 
42.92 0.017 0.396 0.639 14.27 
 
8.7 0.2 0.803 16.44 
 
6.9-7.0 
DM+K2CO3/600-W 20.55 0.23 0.856 6.54 
 
56.82 0.172 0.055 0.677 9.26 
 
69.44 0.061 0.153 0.960 10.49 
 
11.0 2.1 0.819 7.79 
 
7.1 
DM+K2CO3/750-W 125.06 0.13 0.951 2.28 
 
212.77 0.588 0.017 0.838 4.47 
 
232.56 0.188 0.056 0.989 8.48 
 
23.6 127.7 0.919 2.86 
 
6.9-7.0 
DM+K2CO3/900-W 71.15 0.17 0.987 1.07   147.06 0.278 0.034 0.920 3.90   158.73 0.154 0.067 0.996 4.67   20.3 17.1 0.977 1.62   7.0-7.1 
DR+K2CO3/450-W 6.64 0.35 0.956 4.78 
 
33.00 0.076 0.115 0.916 7.33 
 
37.45 0.049 0.185 0.969 7.46 
 
7.7 0.6 0.923 6.13 
 
6.9-7.1 
DR+K2CO3/600-W 12.05 0.25 0.863 6.62 
 
37.74 0.130 0.071 0.796 7.74 
 
42.02 0.076 0.128 0.958 9.17 
 
7.5 3895.6 0.812 7.40 
 
7.1 
DR+K2CO3/750-W 236.37 0.08 0.956 2.02 
 
322.58 3.100 0.003 0.971 2.48 
 
333.33 0.811 0.014 0.999 9.31 
 
23.0 8.87x106 0.958 1.86 
 
7.0-7.3 
DR+K2CO3/900-W 160.55 0.13 0.988 1.29   270.27 0.771 0.013 0.906 5.03   294.12 0.260 0.041 0.996 8.10   30.9 56.3 0.975 1.94   7.1-7.5 
DM+KOH/450-W 7.24 0.35 0.918 5.82 
 
37.74 0.071 0.122 0.919 7.23 
 
40.98 0.053 0.173 0.953 8.20 
 
8.8 0.6 0.876 7.14 
 
6.8-6.9 
DM+KOH/600-W 8.56 0.34 0.920 6.21 
 
40.98 0.079 0.111 0.901 7.43 
 
45.66 0.054 0.171 0.948 8.71 
 
9.5 0.6 0.866 7.50 
 
6.9-7.1 
DM+KOH/750-W 89.35 0.12 0.862 3.77 
 
149.25 0.411 0.024 0.902 3.10 
 
151.52 0.373 0.029 0.994 3.41 
 
15.2 229.7 0.847 3.62 
 
7.0-7.2 
DM+KOH/900-W 15.29 0.27 0.860 6.79   49.75 0.138 0.067 0.707 10.02   62.11 0.053 0.175 0.947 10.87   10.8 1.2 0.816 8.44   7.2-7.4 
DR+KOH/450-W 13.45 0.34 0.955 4.43 
 
64.52 0.084 0.106 0.902 7.66 
 
75.76 0.048 0.190 0.961 8.11 
 
15.3 0.6 0.910 5.97 
 
7.0 
DR+KOH/600-W 26.68 0.20 0.835 5.01 
 
65.79 0.185 0.051 0.760 6.82 
 
73.53 0.096 0.104 0.965 8.10 
 
11.1 4.3 0.790 5.57 
 
6.8-7.0 
DR+KOH/750-W 187.76 0.07 0.991 0.59 
 
243.90 1.952 0.005 0.892 2.32 
 
256.41 0.534 0.020 0.999 6.65 
 
14.5 3.71x105 0.985 0.77 
 
7.1-7.2 
DR+KOH/900-W 50.02 0.15 0.845 4.40   97.09 0.278 0.034 0.808 5.32   101.01 0.207 0.051 0.985 6.22   12.5 28.1 0.810 4.68   7.2-7.3 
DM+K3PO4·H2O/450-W 3.55 0.41 0.922 6.64 
 
25.45 0.051 0.162 0.951 7.63 
 
28.09 0.038 0.224 0.899 8.36 
 
6.3 0.4 0.867 7.44 
 
6.6 
DM+K3PO4·H2O/600-W 0.35 0.82 0.920 8.99 
 
98.04 0.002 0.836 0.949 9.15 
 
42.37 0.005 0.680 0.517 7.83 
 
7.0 0.1 0.957 5.59 
 
6.5-6.7 
DM+K3PO4·H2O/750-W 3.58 0.42 0.960 4.96 
 
27.93 0.045 0.180 0.989 3.12 
 
29.07 0.040 0.217 0.964 4.08 
 
6.5 0.4 0.954 3.36 
 
6.4-6.5 
DM+K3PO4·H2O/900-W 43.52 0.12 0.880 2.98   75.19 0.338 0.029 0.812 3.74   78.74 0.211 0.050 0.992 4.89   8.2 114.4 0.854 3.16   6.7-6.8 
DM+H3PO4/450-W 1.94 0.61 0.974 6.24 
 
38.91 0.025 0.282 0.967 9.34 
 
-20.37 -0.006 2.124 0.806 57.36 
 
10.9 0.2 0.892 13.14 
 
5.0-5.1 
DM+H3PO4/600-W 0.05 1.33 0.992 6.13 
 
-11.63 -0.009 7.841 0.991 31.48 
 
54.64 0.014 0.449 0.671 181.27 
 
8.5 0.1 0.918 39.06 
 
5.6-5.7 
DM+H3PO4/750-W 0.09 1.07 0.790 35.18 
 
12.97 0.012 0.457 0.777 36.42 
 
-23.58 -0.004 1.485 0.101 31.19 
 
6.1 0.1 0.576 76.46 
 
5.8-6.0 
DM+H3PO4/900-W 14.63 0.27 0.918 4.67   48.78 0.125 0.073 0.832 6.70   58.82 0.055 0.168 0.948 9.47   10.3 1.2 0.856 6.32   5.5-5.6 
DM+FeCl3/450-W 5.72 0.32 0.973 3.25 
 
25.32 0.077 0.113 0.983 2.83 
 
26.32 0.066 0.144 0.994 2.94 
 
5.3 0.8 0.975 2.13 
 
5.7-5.8 
DM+FeCl3/600-W 32.83 0.18 0.964 2.21 
 
71.94 0.215 0.044 0.886 4.16 
 
77.52 0.126 0.081 0.994 5.22 
 
10.5 10.3 0.948 2.73 
 
5.9-6.0 
DM+FeCl3/750-W 77.82 0.10 0.928 2.00 
 
119.05 0.512 0.019 0.867 2.81 
 
125.00 0.261 0.041 0.995 4.37 
 
10.5 1062.2 0.914 2.06 
 
6.2-6.2 
DM+FeCl3/900-W 109.70 0.09 0.896 2.53   161.29 0.626 0.016 0.933 2.07   163.93 0.409 0.026 0.996 3.31   12.6 4333.8 0.891 2.43   5.9 
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Table 12-8 (continued) Parameter of Freundlich, Langmuir and Temkin model equation and pH after BPA adsorption onto WW SBAs 
ID/Carbonized&  Freundlich      Langmuir, 1/(X/M) vs 1/Ce      Langmuir, Ce/(X/M) vs. Ce      Temkin      pH after 
Activated temp k  1/n R2 P   Q b RL R
2 P   Q b RL R
2 P   RT/b=B A R2 P   adsorption 
DM+CaCl2/450-W 0.40 0.96 0.988 6.44 
 
-434.78 -0.001 1.085 0.996 7.93 
 
204.08 0.002 0.857 0.348 5.36 
 
11.7 0.1 0.968 12.06 
 
6.5-6.6 
DM+CaCl2/600-W 6.39 0.40 0.981 3.29 
 
43.29 0.053 0.158 0.988 2.85 
 
46.30 0.043 0.205 0.986 3.99 
 
10.1 0.4 0.981 2.81 
 
6.3-6.5 
DM+CaCl2/750-W 11.73 0.35 0.975 3.32 
 
61.35 0.068 0.127 0.986 3.41 
 
65.36 0.055 0.169 0.983 3.98 
 
13.6 0.6 0.971 2.67 
 
6.6-6.7 
DM+CaCl2/900-W 15.66 0.33 0.996 1.13   71.94 0.082 0.107 0.968 4.42   79.37 0.056 0.165 0.990 4.30   15.9 0.7 0.984 2.43   6.7-6.9 
DM+MgCl2/450-W 0.45 1.01 0.966 10.99 
 
-129.87 -0.003 1.468 0.984 16.42 
 
1000.00 0.000 0.958 0.010 10.82 
 
16.5 0.1 0.932 14.62 
 
8.0-8.7 
DM+MgCl2/600-W 14.53 0.36 0.979 3.29 
 
78.13 0.069 0.126 0.980 3.66 
 
86.21 0.049 0.185 0.974 5.87 
 
17.8 0.6 0.962 3.57 
 
9.1-9.2 
DM+MgCl2/750-W 18.81 0.29 0.984 2.39 
 
70.92 0.098 0.092 0.979 3.28 
 
75.19 0.075 0.130 0.993 3.71 
 
14.2 2.7 0.981 1.94 
 
8.9-9.1 
DM+MgCl2/900-W 16.35 0.35 0.986 2.55   82.65 0.073 0.120 0.987 2.94   86.96 0.060 0.155 0.995 3.16   18.2 2.7 0.989 1.96   9.0-9.2 
DM+KCl/450-W 0.11 1.08 0.980 4.80 
 
-109.89 -0.001 1.148 0.982 4.56 
 
-96.15 -0.001 1.149 0.236 4.70 
 
8.9 0.1 0.955 9.53 
 
6.6-7.0 
DM+KCl/600-W 0.73 0.87 0.970 9.54 
 
169.49 0.003 0.768 0.989 8.61 
 
116.28 0.005 0.708 0.483 8.78 
 
13.6 0.1 0.886 14.07 
 
6.5-6.5 
DM+KCl/750-W 11.05 0.36 0.992 1.90 
 
60.61 0.068 0.128 0.979 3.42 
 
65.36 0.052 0.176 0.993 3.71 
 
13.9 0.6 0.988 2.28 
 
6.3-6.5 
DM+KCl/900-W 16.85 0.33 0.984 2.69   78.74 0.079 0.112 0.989 2.76   83.33 0.063 0.150 0.994 3.03   16.9 0.8 0.990 1.46   6.5-6.6 
DM+HNO3/450-W 0.05 1.21 0.803 23.06 
 
-357.14 0.000 1.028 0.732 22.30 
 
-21.88 -0.004 1.478 0.142 22.09 
 
7.5 0.0 0.740 30.80 
 
6.0-6.3 
DM+HNO3/600-W 0.45 0.76 0.938 11.53 
 
19.88 0.015 0.391 0.933 12.68 
 
38.17 0.006 0.645 0.390 13.48 
 
5.5 0.1 0.804 22.39 
 
6.3-6.4 
DM+HNO3/750-W 1.91 0.49 0.964 5.34 
 
20.53 0.038 0.207 0.955 6.53 
 
23.42 0.028 0.285 0.948 7.05 
 
5.3 0.3 0.935 7.21 
 
6.4-6.5 
DM+HNO3/900-W 3.66 0.46 0.987 3.20   34.84 0.039 0.201 0.996 2.37   37.04 0.034 0.249 0.987 2.94   8.4 0.3 0.987 2.22   6.3-6.4 
 
Table 12-9 Parameter of Freundlich, Langmuir and Temkin model equation and pH after BPA adsorption onto AW SBAs 
ID/Carbonized& Freundlich      Langmuir, 1/(X/M) vs 1/Ce      Langmuir, Ce/(X/M) vs Ce     Temkin     pH after 
Activated temp (°C) k  1/n R2 P   Q b RL R2 P   Q b RL R2 P   B=RT/b A R2 P   adsorption 
DM+K2CO3/450-A 17.71 0.18 0.693 4.14 
 
42.92 0.102 0.088 0.640 4.38 
 
45.25 0.074 0.118 0.964 5.00 
 
6.5 4.7 0.663 4.38 
 
6.1 
DM+K2CO3/600-A 92.88 0.09 0.499 4.10 
 
142.86 0.286 0.034 0.338 4.15 
 
153.85 0.130 0.071 0.985 5.04 
 
12.3 978.1 0.503 4.16 
 
6.0-6.2 
DM+K2CO3/750-A 229.83 0.15 0.938 2.05 
 
454.55 0.218 0.044 0.844 3.54 
 
476.19 0.135 0.069 0.992 3.85 
 
59.0 22.6 0.921 2.25 
 
6.1 
DM+K2CO3/900-A 139.73 0.19 0.945 2.29   344.83 0.126 0.073 0.885 2.99   357.14 0.097 0.093 0.994 3.23   52.9 4.8 0.935 2.46   6.1 
DR+K2CO3/450-A 9.67 0.35 0.756 8.05 
 
56.82 0.046 0.179 0.640 9.73 
 
70.42 0.024 0.292 0.852 9.23 
 
14.8 0.3 0.733 8.96 
 
6.2 
DR+K2CO3/600-A 104.16 0.07 0.576 2.80 
 
144.93 0.314 0.031 0.614 2.82 
 
144.93 0.356 0.027 0.991 3.42 
 
9.1 58137.5 0.559 2.83 
 
5.9 
DR+K2CO3/750-A 442.28 0.08 0.948 1.53 
 
625.00 0.727 0.013 0.938 1.76 
 
625.00 0.533 0.018 0.999 2.13 
 
44.2 16567.7 0.947 1.40 
 
5.9-6.2 
DR+K2CO3/900-A 378.79 0.16 0.982 1.55   714.29 0.359 0.027 0.953 3.00   769.23 0.236 0.040 0.997 3.86   95.6 30.9 0.980 1.29   6.1 
DM+KOH/450-A 10.44 0.40 0.894 5.06 
 
82.65 0.032 0.235 0.832 4.94 
 
89.29 0.026 0.276 0.949 5.22 
 
20.6 0.2 0.898 5.06 
 
6.3 
DM+KOH/600-A 38.39 0.19 0.741 3.92 
 
97.09 0.103 0.087 0.596 4.81 
 
105.26 0.066 0.130 0.983 4.44 
 
15.4 3.7 0.759 3.73 
 
5.9-6.0 
DM+KOH/750-A 169.51 0.13 0.976 0.97 
 
303.03 0.205 0.046 0.921 1.89 
 
312.50 0.157 0.059 0.998 1.94 
 
33.7 73.8 0.970 1.09 
 
6.3-6.4 
DM+KOH/900-A 48.72 0.14 0.826 2.38   98.04 0.14 0.066 0.728 2.88   102.04 0.101 0.089 0.992 3.23   12.0 22.6 0.820 2.44   6.4-6.5 
DR+KOH/450-A 22.91 0.26 0.754 5.64 
 
85.47 0.067 0.129 0.613 6.50 
 
96.15 0.041 0.195 0.954 6.67 
 
17.6 0.8 0.765 6.03 
 
6.1-6.4 
DR+KOH/600-A 87.50 0.16 0.849 2.65 
 
192.31 0.131 0.07 0.751 3.06 
 
200.00 0.099 0.091 0.994 3.05 
 
26.5 10.3 0.854 2.64 
 
6.1-6.2 
DR+KOH/750-A 381.86 0.08 0.807 2.26 
 
555.56 0.486 0.02 0.889 1.86 
 
555.56 0.486 0.020 0.998 1.86 
 
41.6 6955.5 0.799 2.13 
 
6.3-6.4 
DR+KOH/900-A 155.85 0.14 0.802 3.10   312.50 0.162 0.058 0.808 2.68   322.58 0.129 0.071 0.985 2.87   38.3 26.0 0.795 3.00   6.3 
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Table 12-9 (continued) Parameter of Freundlich, Langmuir and Temkin model equation and pH after BPA adsorption onto AW SBAs 
ID/Carbonized& Freundlich      Langmuir, 1/(X/M) vs 1/Ce      Langmuir, Ce/(X/M) vs Ce     Temkin     pH after 
Activated temp (°C) k  1/n R2 P   Q b RL R2 P   Q b RL R2 P   B=RT/b A R2 P   adsorption 
DM+K3PO4·H2O/450-A 4.11 0.49 0.951 6.82 
 
47.17 0.032 0.234 0.990 4.54 
 
88.50 0.045 0.182 0.789 30.41 
 
10.8 0.3 0.959 4.89 
 
5.8-5.9 
DM+K3PO4·H2O/600-A 0.85 0.81 0.990 4.99 
 
73.53 0.008 0.561 0.995 5.00 
 
45.66 0.435 0.022 0.972 51.22 
 
12.4 0.1 0.934 13.82 
 
5.3-5.5 
DM+K3PO4·H2O/750-A 20.07 0.24 0..9696 2.56 
 
59.52 0.132 0.07 0.951 3.74 
 
63.29 4.270 0.002 0.993 4.12 
 
10.6 2.5 0.963 2.11 
 
6.1-6.3 
DM+K3PO4·H2O/900-A 76.17 0.12 0.973 1.33   126.58 0.427 0.023 0.883 2.78   135.14 0.308 0.031 0.995 4.87   13.3 185.9 0.958 1.62   5.9-6.0 
DM+H3PO4/450-A 22.77 0.26 0.853 6.69 
 
74.63 0.111 0.082 0.907 5.15 
 
78.74 0.084 0.116 0.955 7.00 
 
13.8 1.9 0.832 6.13 
 
6.0-6.1 
DM+H3PO4/600-A 3.13 0.54 0.989 3.06 
 
42.37 0.034 0.228 0.965 7.66 
 
55.56 0.019 0.366 0.917 7.21 
 
11.8 0.2 0.931 9.01 
 
6.1 
DM+H3PO4/750-A 0.47 0.90 0.963 11.08 
 
1428.6 0 0.977 0.987 12.48 
 
84.03 0.005 0.706 0.521 8.27 
 
9.7 0.1 0.973 7.19 
 
6.0-6.1 
DM+H3PO4/900-A 55.87 0.24 0.972 3.10   158.73 0.154 0.06 0.987 2.13   163.93 0.128 0.079 0.998 2.58   27.5 3.3 0.982 1.82   5.8-5.9 
DM+FeCl3/450-A 19.78 0.22 0.820 5.70 
 
57.14 0.116 0.079 0.950 3.62 
 
54.35 0.160 0.065 0.995 4.63 
 
8.9 4.2 0.931 5.28 
 
5.9-6.2 
DM+FeCl3/600-A 68.87 0.15 0.947 9.34 
 
131.58 0.31 0.031 0.896 9.32 
 
136.99 0.204 0.051 0.996 10.37 
 
16.4 37.0 0.932 9.31 
 
5.7-6.0 
DM+FeCl3/750-A 132.98 0.11 0.955 3.70 
 
208.33 0.716 0.014 0.794 5.71 
 
227.27 0.237 0.045 0.997 7.80 
 
20.4 457.5 0.937 3.93 
 
5.9-6.3 
DM+FeCl3/900-A 174.82 0.08 0.928 2.13   243.90 1.171 0.008 0.983 1.12   25.25 0.023 0.322 0.818 95.39   16.7 31211.1 0.932 1.89   6.1-6.3 
DM+ZnCl2/450-A 53.52 0.32 0.967 3.37 
 
222.22 0.105 0.086 0.971 4.16 
 
238.10 0.080 0.122 0.990 5.42 
 
46.3 1.1 0.965 3.27 
 
5.7-5.8 
DM+ZnCl2/600-A 109.98 0.27 0.988 2.09 
 
333.33 0.216 0.044 0.944 6.35 
 
384.62 0.107 0.093 0.986 8.48 
 
65.2 2.5 0.965 3.73 
 
5.7 
DM+ZnCl2/750-A 101.32 0.24 0.985 1.72 
 
277.78 0.225 0.042 0.941 4.83 
 
312.50 0.112 0.090 0.984 8.31 
 
49.2 3.7 0.962 3.09 
 
6.3 
DM+ZnCl2/900-A 91.92 0.21 0.992 1.51   227.27 0.242 0.039 0.927 4.82   250.00 0.131 0.078 0.995 6.00   38.1 5.4 0.981 1.94   6.1-.6.4 
DM+CaCl2/450-A 7.93 0.44 0.989 2.68 
 
62.89 0.05 0.166 0.971 6.02 
 
71.43 0.035 0.240 0.978 5.36 
 
15.9 0.3 0.967 4.85 
 
5.3-5.6 
DM+CaCl2/600-A 16.30 0.34 0.948 4.50 
 
80.00 0.079 0.111 0.927 6.15 
 
93.46 0.046 0.194 0.952 8.37 
 
18.6 0.6 0.914 5.87 
 
5.6-5.7 
DM+CaCl2/750-A 27.40 0.29 0.986 2.19 
 
105.26 0.099 0.091 0.993 1.85 
 
111.11 0.079 0.123 0.997 2.64 
 
21.1 1.2 0.998 0.76 
 
5.8 
DM+CaCl2/900-A 23.65 0.30 0.995 1.24   91.74 0.1 0.09 0.970 4.10   100.00 0.069 0.139 0.992 4.70   18.9 1.1 0.987 2.07   5.9-6.1 
DM+MgCl2/450-A 7.11 0.47 0.992 5.29 
 
67.57 0.042 0.19 0.984 8.06 
 
77.52 0.030 0.268 0.975 4.79 
 
17.2 0.3 0.971 8.79 
 
6.2-6.4 
DM+MgCl2/600-A 59.44 0.15 0.853 4.04 
 
117.65 0.269 0.036 0.846 4.07 
 
125.00 0.155 0.066 0.988 6.32 
 
15.1 27.3 0.843 3.94 
 
6.3-6.4 
DM+MgCl2/750-A 61.14 0.14 0.943 2.37 
 
114.94 0.306 0.031 0.886 3.51 
 
119.05 0.206 0.051 0.996 4.57 
 
13.9 44.6 0.928 2.62 
 
6.1-6.3 
DM+MgCl2/900-A 35.69 0.17 0.679 6.94   75.19 0.231 0.041 0.658 6.84   80.65 0.130 0.079 0.954 9.14   10.7 12.7 0.636 7.33   6.1-6.3 
DM+KCl/450-A 5.04 0.46 0.976 3.60 
 
44.44 0.047 0.175 0.951 10.20 
 
53.76 0.029 0.277 0.947 7.35 
 
11.8 0.3 0.937 7.10 
 
6.3-6.4 
DM+KCl/600-A 10.11 0.36 0.951 5.30 
 
52.91 0.077 0.113 0.889 8.61 
 
63.29 0.043 0.205 0.956 8.50 
 
13.1 0.5 0.908 6.86 
 
5.8-5.9 
DM+KCl/750-A 22.59 0.30 0.984 3.19 
 
90.09 0.099 0.091 0.959 5.29 
 
99.01 0.068 0.139 0.989 5.35 
 
19.1 1.0 0.968 3.60 
 
6.3-6.4 
DM+KCl/900-A 36.76 0.20 0.951 3.55   90.91 0.184 0.051 0.906 5.00   96.15 0.126 0.081 0.990 5.16   14.5 5.4 0.930 3.72   6.0-6.3 
DM+HNO3/450-A 0.92 0.68 0.917 12.07 
 
27.93 0.018 0.349 0.952 13.77 
 
42.74 0.009 0.541 0.456 15.41 
 
7.7 0.1 0.792 19.56 
 
6.0-6.2 
DM+HNO3/600-A 3.33 0.49 0.917 8.54 
 
35.34 0.039 0.203 0.938 10.20 
 
43.48 0.024 0.316 0.818 12.04 
 
9.5 0.2 0.842 10.69 
 
5.5-6.2 
DM+HNO3/750-A 4.48 0.52 0.954 8.38 
 
58.48 0.03 0.246 0.965 9.14 
 
63.69 0.025 0.307 0.884 9.26 
 
14.2 0.2 0.898 8.21 
 
5.6-5.9 
DM+HNO3/900-A 11.87 0.31 0.922 5.05   47.39 0.102 0.089 0.828 7.62   55.866 0.053 0.173 0.961 8.96   10.7 0.8 0.879 6.44   5.5-5.7 
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12.4.4.6 Plot of BPA adsorption isotherms by CACs 
 
 
Figure 12-22 Freundlich, Langmuir and Temkin linear isotherms of BPA adsorption onto CACs (Filtrasorb 400, PulsorbPax and Hydrodarco C)
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12.5 APPENDIX V: CALCULATION OF CARBON BURN-OFF AND 
STEAM GASIFICATION REACTION 
 
Calculation of carbon burn-off  
 
The calculation of carbon burn-off of steam activated DMAD2 and DRAW3 sludge (SAMS 
and SARS) was calculated using the following equation 10-3. 
 
𝑩𝒖𝒓𝒏 − 𝒐𝒇𝒇 (%) = (
𝑪𝒑−𝑪𝒔
𝑪𝒑
) × 𝟏𝟎𝟎                      Equation 12-3 
 
where, 
CS carbon yield obtained from SASA (%) 
CP char yield (%) 
 
Note that the char yields obtained from carbonization of both sludge types between 600°C and 
1000°C are shown in Figure 12-23. During this carbonization temperature, the char yield of 
both sludge types was fitted well with the linear equation. Thus, the CP value used in the burn-
off equation was calculated based on linear equation at each carbonization temperature. 
 
 
Figure 12-23 Char yields (DRAW2, 3 and DMAD2 sludge) between 600 to 1000°C              
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Calculation of steam gasification reaction 
 
Giving an example of experiment run SARS5 carried out at temperature of 825oC and 
activation dwell time at 60 min, 
 
Sludge (input) = 210 g 
Water (input) = 0.7 ml/min ≡ 0.7 g/min ≡ 42 g/hour (60 min dwell time) 
 
SARS yield = 52.4 g 
Liquid  = Oil + WaterR= 103.9 g 
GasSA= GasP+ GasBO = 95.7 g 
where,  
GasSA  gas from steam activation experiment 
GasP   gas from carbonization process 
GasBO  gas from steam reacted with carbon or burn-off gas 
WaterR  remaining water from water in put for steam activation 
 
Note that this calculation assumed that no steam entering the reactor remained with the SBA. 
 
From the calculation of yields of carbonization oil in Chapter 4, section 4.3.1 showed that the 
oil production was relatively constant at temperatures above 600oC. From this, the oil 
production of DRAW3 sludge above 600oC was 39.8_% ± 1.9_% (calculation based on the oil 
production between 600 and 700°C). Thus, the oil production of DRAW3 of 83.6_g was used 
in this calculation (calculated from sludge input 210_g 
 
Thus,   WaterR = 103.9-83.6 = 20.3 g 
 
Thus,   WaterU = 42-20.3 = 21.7 g 
 
where WaterU = water used for burn-off carbon. 
 
Therefore, from the SR5 experiment, the rate of water consumption (gasification rate) is 
0.36_g/min ≡ 21.7_g/hour 
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Note that the oil production of DMAD2 sludge was 24.8_% ± 3.3_% (52.1 g) and DRAW2 
sludge was 39.6_% ± 3.2 (calculation based on the oil production at 600, 700, 800, 900 and 
1000°C). Thus, the oil production of 52.1_g is used for the calculation of SAMS (DMAD2 
sludge). In addition, only 11 runs were used to calculate the response of water used for steam 
gasification and steam gasification rate of DMAD2 sludge. This excluded the SA9 (activated 
3 mins at 825°C with the total water flow of 2.1 g) because that result showed a slightly 
negative values of water, which it could have resulted from a slight variation in the oil 
production yield on that run.  
 
12.6 APPENDIX VI: CALCULATION OF SBA YIELD BY CHEMICAL 
ACTIVAITON 
 
Giving an example of K2CO3 chemically activated DMAD sludge, with the impregnate ratio 
of 1:1 carbonized at 750oC and activation dwell time of 60 mins and washed with HCl. This 
sample calculation result were shown in Table 7-1. 
 
Calculation based on dry impregnated mass for carbonization and activation 
 
Impregnated sample used for carbonization and activation = 30.010 g 
Yield after carbonization and activation = 18.882 g 
Thus, percent unwashed SBA yield =  
100 𝑥 18.882
30.010
= 𝟔𝟐. 𝟗 % 
Thus, volatile = 100 – 62.9 = 37.1 % 
 
For acid washing, 5.001 g unwashed SBA was mixed and boiled with 100 ml of 5 M HCl 
solution and mass remaining, after acid washing = 0.916 g  
 
Thus, AW SBA yield =  
0.916 𝑥 62.9 
5.001
= 𝟏𝟏. 𝟓 % 
Thus, dissolved compounds in acid = 62.9 – 11.5 = 51.4 % 
 
Calculation based on mass of sludge in impregnated sample 
 
This percent SBA yield could be calculated based on the following formula [250, 251]; 
 
% 𝑆𝐵𝐴 𝑦𝑖𝑒𝑙𝑑 =  
𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝐵𝐴 𝑎𝑓𝑡𝑒𝑟 𝑤𝑎𝑠ℎ𝑖𝑛𝑔
(𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑖𝑚𝑝𝑟𝑒𝑔𝑛𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒 𝑢𝑠𝑒𝑑 –  𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑔𝑒𝑛𝑡 𝑖𝑚𝑝𝑟𝑒𝑔𝑛𝑎𝑡𝑒𝑑)
𝑥100 
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  = 
0.916 𝑥 (
18.882
5.001
)
(30.010−15.005)
 𝑥 100 =  𝟐𝟑. 𝟎 %  
 
12.7 APPENDIX VII: FTIR SPECTRA FROM CHAPTER 7 
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Figure 12-24 FTIR results of impregnated sludge, unwashed SBAs, WW SBAs (Temp-W) 
and AW SBAs (Temp-A) produced by K2CO3 activation of DMAD sludge 
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Figure 12-25 FTIR results of impregnated sludge, unwashed SBAs, WW SBAs (Temp-W) 
and AW SBAs (Temp-A) produced by K2CO3 activated DRAW sludge 
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Figure 12-26 FTIR results of impregnated DMAD sludge, unwashed SBA yield, SBA yield 
after WW (Temp-W) and after AW (Temp-A) by KOH activation 
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Figure 12-27 FTIR results of impregnated DRAW sludge, unwashed SBA yield, SBA yield 
after WW (Temp-W) and after AW (Temp-A) by KOH activation 
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Figure 12-28 FTIR results of impregnated DMAD sludge, unwashed SBA yield and SBA 
yield after AW (Temp-A) by ZnCl2 activation 
 
 
Figure 12-29 FTIR spectra of activated carbon from Chen et al [182] 
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Figure 12-30 FTIR results of impregnated DMAD sludge, unwashed SBA yield, SBA yield 
after WW (Temp-W) and after AW (Temp-A) by FeCl3 activation 
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Figure 12-31 FTIR results of impregnated DMAD sludge, unwashed SBA yield, SBA yield 
after WW (Temp-W) and after AW (Temp-A) by H3PO4 activation 
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